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ABSTRACT 
The study looks at the rheology and pipeline flow properties of colloidal suspensions 
dispersed in electrolytes of different concentration and type. Fuso silica spheres (0.8pm) 
form the dispersed phase of the suspension, and KN03, KCI electrolytes the continuous 
phase. The strength of the particle-particle interaction is significantly influenced by the 
electrolyte concentration. An increase in the electrolyte concentration from 10 4M to IM 
results in the formation of aggregates, thus influencing the sedimentation, sediment bed 
structure and pipeline transportation properties. Silica aggregates formed in IM 
electrolytes are on average 5.75 times bigger than the primary particle. Pipeline 
transportation studies have shown the aggregated suspension to have a lower minimum 
transport velocity than the dispersed suspension. Such behaviour is believed to be related 
to interfloc flows within the aggregate, enhancing the level of fluid turbulence. 
The centre-line and near wall turbulence intensities are enhanced in the presence of 
aggregates, while dispersed suspensions have negligible effect on modulating the fluid 
turbulence. Measurement of the streamwise RMS shows two critical Reynolds numbers 
with increasing flow velocity. The first critical Reynolds number (Re = 5500) occurs when 
the RMS profile of the aggregated suspension diverges (exceeds) from the RMS profiles of 
the dispersed and single phase flows. This enhancement is thought to be related to interfloc 
flows. A second critical Reynolds number (Re = 8000) is identified when the RMS profile 
of the aggregated suspension begins to converge with the dispersed and single phase RMS 
profiles. Convergence of the RMS profiles is related to the break-up of aggregates once a 
critical fluid shear stress is exceeded. Aggregate break-up data is verified with results 
collected using a Bohlin CVO-R rheometer. 
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Chapter I 
INTRODUCTION 
NOMENCLATURE 
CD Particle drag coefficient 
D Diameter of pipe 
dp Diameter of particle 
FL Flow parameter 
9 Gravitational acceleration 
i Hydraulic gradient 
V Mean flow velocity 
VL Limit deposit velocity 
S Density ratio of solid to liquid 
M constant 
x constant 
PS Density of particle 
P Density of fluid 
P Viscosity of fluid 
Multiphase flow is a term commonly used to describe the transportation of solid particles in 
a carrier fluid. Multiphase flows occur in everyday life either in the natural environment 
such as rivers and oceans or in artificial systems where particles are transported along 
channels or pipelines. Process industries rely heavily upon pipeline transportation to 
maintain process optimisation. For example, the mineral and mining sector which can 
generate hundreds of millions of tonnes of solid material per day, achieves optimisation by 
continually removing solids from the site via pipelines. The other alternatives to industry 
are removal by rail road or road trucks. Both methods have huge economical and 
environmental issues when compared to pipeline transportation. An example where the 
installation of a pipeline has improved the economical output and overcome many 
environmental issues associated with mine operations is in Peru at the Antamina copper and 
2 
zinc mine. Solid material from the mine is transported to the harbour, a distance in excess 
of 300 km and down an elevation drop of 4155 metres. Up until 2001 solids from the mine 
were transported to the harbour by road trucks. Huge running costs were incurred in 
supporting the continuous removal of solids from the mine, along with environmental costs 
linked to atmospheric pollution and noise pollution, with trucks "rumbling" through local 
neighbourhoods 24 hours a day. In 2001, a slurry pipeline was installed from the mine 
down to the harbour, a total length of 301 km. The new pipeline has significantly improved 
the mine operation by increasing the mine output as well as reducing transportation costs by 
reducing labour and energy costs; the pipeline is designed such that the majority of the 
transportation energy is provided by gravity. 
The transportation properties of slurries in horizontal pipelines have been studied in 
academic and industrial communities for over a century. BlatchIll 1906, published the first 
study on the critical transport velocity of solids in horizontal pipelines. Blatch conducted a 
critical transport velocity study using sand-water slurries for the Washington Sewers Corp. 
The next significant step forward in understanding multiphase flows was made by 
Howard [21 in 1939. Howard combining the results from Blatch's earlier study with his own 
data, and from other sources (sand 0.3mm and gravel 3mm in a4 inch pipe at solids 
concentrations up to 30% by volume), published a head loss equation that is related to the 
solids concentration and the mean slurry velocity, such an equation allowing for the energy 
requirements of the pipeline to be calculated (equation 1.0). 
i', = MVI [ 
where rn and x are constants that are related to the solids concentration, i is the hydraulic 
gradient and V the mean flow velocity. Since the publication of this equation there have 
been several improved versions accounting for more parameters, with an aim to produce a 
universal hydraulic gradient correlation. 
One of the most significant contributions to the prediction of the minimum transport 
velocity of a slurry in a pipeline was made by Durand [3] , and Durand and Condolios 
[41 in 
the 1950's. Studying the flow properties of particles from 20 microns to I 00mm (It should 
be noted that these particle sizes are not mean values, but are the upper and lower limits of 
the distribution. A typical distribution for one of the suspensions investigated is 0.2 - 
3 
25mm), in pipes ranging from 40mm to 700mm, at concentrations in excess of 50 wt %, 
they published the following correlation relating the minimum transport velocity (referred 
to as the limit deposit velocity in text) to the particle size, the solids concentration, the solid 
liquid densities and the pipe diameter: 
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To this day, equation 1.1 is commonly used to determine the minimum transport velocity of 
a slurry pipeline. Equation 1.1 is frequently used due to its simplicity. However, due to a 
limited consideration for the physical parameters, a strong research programme has 
continued with an aim of providing a more accurate universal correlation. In 1987, Turian 
et a]. 151 summarised the vast range of critical transport velocity correlations that had been 
published to date by recasting them in to a standard form. By considering over 800 
experimental data sets and nearly 30 correlations, Turian's standard correlation took the 
form: 
vc 
=f (C' S)C 
h [Dp[gD(S-I)IO-5 (dpý 
129D(S-1)]O-s DLAM [1.2] 
with constants f(Cs), h, 1, m provided in the original publication. The correlations that 
were considered by Turian showed developments on the earlier correlation published by 
Durand [41 . Newly published transport correlations considered the particle Reynolds 
numbers, particle size distribution, particle terminal settling velocity, drag coefficient, 
slurry density etc. When reviewing the literature a reader begins to understand the 
limitations of these correlations as a universal law. Many of the published correlations are 
based on fitting experimental data sets, with an approach of raising one or more of the 
experimental parameters to the power "n" so that the theoretical fit appears reasonable. In 
doing so, the correlation is only applicable over a limited range of experimental conditions. 
Wasp and Slatter [6] published a paper comparing the results of several minimum transport 
velocity correlations for 0.25mm sand in water at 1% volume as a function of the pipe 
diameter. Figure 1.0 which is redrawn from ref [61 erence , illustrates the differences in the 
predicted minimum transport velocities when using different correlations. 
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Figure 1.0 Comparison of six correlations to predict the minimum transport velocity of 0.25mm sand at 1% 
volume as a function of pipe diameter. Symbols: square - Condolios and Chapus 
[71, triangle - Spells 
181, 
circle 
(31 [6) 
-Sinclair 
191, inverted triangle- Hughmark 1101, diamond -Durand 90' triangle -Wasp . 
The inaccuracies when predicting the minimum transport velocity of slurries using 
published correlations are frequently discussed in literature and at multiphase flow 
meetings. One of the main reasons for this inaccuracy is due to the lack of systematic and 
"well controlled" studies completed. Controlling accurately, all of the physical and process 
parameters in a flow loop that requires a hundred litres or more of slurry is difficult. In my 
opinion the only true way to develop a universal correlation is to derive a correlation 
theoretically from first principles. 
The introduction so far has briefly considered what I frequently refer to as "classical" 
hydrotransport studies. That is to say, research in which the dispersed phase is commonly 
either, sand, coal, iron or nickel. These particles tend to be greater than a few hundred 
microns in diameter with a high solid density. Therefore, they exhibit high sedimentation 
velocities and are generally regarded as "settling" slurries. The term settling slurry can be 
rather misleading, as under no-flow conditions, even the finest particles (< I micron) will 
settle and deposit on a surface over time. The transition between a settling and a non- 
settling slurry is related to the flow regime at the normal pipeline operating velocity 
(typically 1-2msý'). For example, at a desired pipeline operating velocity, if a fraction of 
the sediment is transported on the pipe invert as a sliding bed, then slurry is considered as 
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settling, while if all the particles remain in suspension the slurry is then considered as non- 
settling. 
Studies on the transportation properties of non-settling slurries have been rather limited in 
comparison to studies on settling slurries. Non-settling slurries contain fine particles which 
require significant time to sediment onto the pipe invert under gentle flow. However, the 
sedimentation and suspension rheological properties of fine particulate suspensions can be 
manipulated through changing the suspension chemistry and temperature; such changes 
possibly leading to a transition in the slurry behaviour. Suspension rheology is frequently 
studied, with the effects of changing the suspension pH and/or electrolyte concentration on 
suspension viscosity and sediment shear yield stress examined. Very fine particles used in 
suspension rheology studies are typically less than I micron and are described as being 
"colloidal". Theory developed during 20th century showed that the interaction potential 
between two colloidal particles is given as the summation of the attractive van der Waals 
force and the electrical double layer repulsive force. An in-depth review of this topic is 
provided in chapter 2. 
Over the last 20 years suspension rheology research has "boomed", a direct result of 
industrial needs. With advancing technologies and process operations, particles which are 
transported in pipelines are becoming finer and finer, to the point where colloidal forces 
can be manipulated to optimise pipeline transportation. To the authors knowledge, one of 
the first studies in which colloidal forces and suspension pipe flow were linked was by 
Horsley and Reizes I'll in 1978. They used silica with an average particle size of 17 
microns (greater than colloidal, but interaction forces still present) and investigated the 
effect of suspension pH on the head loss gradient. By changing the pH of the suspension 
between pH 6 and pH II using HN03 and NaOH, the author's were able to change the 
interaction potential between neighbouring particles. For a constant flow velocity, Horsley 
and Reizes observed a decrease in the head loss gradient with a decrease in the zeta 
potential (-20mV to -70mV) for slurries containing 43wt. % solids. The author's makes no 
attempt to provide an explanation for this observation, with their only conclusion stressing 
that hydraulic gradient manipulation is only valid under laminar flow conditions, with all 
hydraulic curves "collapsing" onto one another in turbulent flow. Horsley and co-workers 
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have also looked at the use of viscosity modifiers [12,131 and additives [141 to bring about 
similar effects. 
In addition to the work of Horsley, there have also a handful of industrial examples where 
the use of additives can improve the pipeline performance of fine particulate suspensions 
[15,161 
. For example, the Samarco pipeline in Brazil is a 400 krn pipeline used 
for the 
transportation of iron ore slurry. Trials with PolyDADMAC, a bridging flocculent, have 
been completed to identify improvements in operation by inducing floc formation. Trials 
have shown that the formation of flocs reduces the likelihood of obstructing the pipeline, 
prevents the formation of plugs in the pipeline on inclined sections, and prevents extreme 
densification of the sediment bed, thus, lowering the energy requirements on pump restart. 
It should be noted that much of the research in this particular field (colloidal particles) has 
concentrated on the use of flocculants to modify the suspension rheology. To my 
knowledge there is little work other than the foremost study of Horsley and Reizes 
[III 
where the effect of solution chemistry (pH change) has been investigated. The current 
study does not focus on the steric interactions between particles, but concentrates more 
closely on electrical double layer effects by controlling the suspension conductivity and pH. 
Many of the multiphase pipeline studies with fine particles (20 - 40pm) are completed at 
concentrations where structuring in the suspension can occur, and the slurry exhibits non- 
Newtonian behaviour. The desires of the mineral industry who want to pump the most 
amount of material for the least amount of energy has driven this type of research. 
However, there are some industries which try to avoid pumping concentrated fine 
particulate slurries. For example, the nuclear industry avoids pumping concentrated 
suspensions due to the heat generating nature of the particles. If a pipeline blocks, the 
intense heat can lead to the creation of a hot-spot and increased corrosion of the pipe, thus 
cracks in the pipe can develop resulting in pipeline shutdown. 
At present, the nuclear industry globally and within the UK is in a period of 
decommissioning and clean-up. In order for the nuclear sites to be returned to "green 
field", the sites need to be decommissioned and the waste packaged prior to ultimate 
disposal. Within the UK, a significant proportion of the clean up projects are associated 
with the large volumes of historical sludge waste which has been stored in ponds for over 
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50 years. The sludge contains particles with a broad size distribution from colloidal to 
granular, all dispersed in a fluid which contains virtually every element known to man! In 
order to treat the sludge, the sludge is to be pumped from existing storage facilities to 
newly built storage ponds before transferral to treatment plants for packaging. During 
transfer the slurry is to be pumped in stages with the pipeline flushed after every pumping 
cycle. With limited data available to the nuclear industry with regards to determining a 
suitable pipeline operating velocity for fine particulate suspensions in concentrated 
electrolytic solutions, the current study has therefore been commissioned by the National 
Nuclear Laboratory to investigate such systems. 
At present the rheological and transportation properties of nuclear sludges are determined 
from data collected on simulants. These simulants tend to be over complicated, in such that 
there are too many variables. As a result, the experimental programmes tend to prove 
inconclusive or provide information which cannot be relied upon. A new approach when 
trying to understand the flow properties of such suspensions is required. The current 
project is designed to provide this new approach. Here we are investigating the flow 
properties of colloidal silica spheres in a fluid of known electrolyte type and concentration, 
and pH. By controlling the particle shape and size, as well as the solution chemistry we 
would expect to see clear differences in our results when adjusting one parameter. The 
reader should be aware that we are not trying to recreate the conditions in a sludge pond. 
The approach to this study is to work with a "model" simulant, a simulant where the 
continuous and dispersed properties are controlled and understood. 
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OBJECTIVES OF THE THESIS 
The objective of the thesis is to provide a better understanding of the flow properties of 
colloidal suspensions in horizontal pipes. So far, colloidal suspensions have been 
extensively researched using analytical laboratory equipment, but there have been very few 
studies investigating such suspensions in pipelines. As previously mentioned in the 
introduction, industry is transporting finer and finer particles, and in order to optimise the 
pumping process, an understanding of the particle interaction and the strength of interaction 
is required. Of particular interest in this study is the measurement of the minimum 
transport velocity of a dispersed and aggregated colloidal suspension. These two 
suspensions provide contrasting rheological properties, thus there is an interest in whether 
or not these differences are significant enough to influence the transport velocity of a fine 
particulate suspension. 
The turbulent properties of colloidal suspensions are also to be investigated. Turbulence 
provides the energy to keep particles in suspension and is therefore very important in 
pipeline transport. Turbulence modulation studies both experimentally and theoretically 
have not considered the effect of aggregates on the turbulence intensity, even though recent 
studies have shown that the flow fields through an aggregate are very "tortuous" and 
64complex" (see chapter 7). It is hoped that the study will show that these complex flow 
fields are capable of modulating the fluid turbulence. 
Another objective of the study is to provide a methodology for a systematic flow study. 
For too many years researchers have used particles with a large polydispersity which are 
not fully characterised and dispersed in tap water. For colloidal suspensions such an 
approach can not be adopted and the whole system needs to be characterised and 
understood, from the single particle-particle interaction to the many body interactions in the 
suspension and sediment. By introducing a systematic and full characterisation study, the 
data can then be used by modellers to begin to predict the suspension flow properties from 
first principles. 
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THESIS STRUCTURE, 
Chapter 2 
Chapter 2 is written to provide the reader with an overview on the theory of colloid 
stability. Silica particles which are used in the current study can be considered colloidal 
with a particle diameter less than I micron. Colloid theory is the fundamental science 
which underpins this project. This chapter reviews colloid theory, looking at how particles 
may acquire a surface charge when dispersed in a fluid medium, through to the electrical 
double layer models which were proposed throughout the last century, and finally the 
DLVO theory which can be used to suitably describe colloid stability. The chapter then 
concludes with a brief review on the different aggregation mechanisms for colloidal 
systems. 
Chapter 3 
A considerable amount of time during this project has been devoted to designing and 
constructing a horizontal flow loop for the transportation studies. Chapter 3 outlines the 
design equations which are used to ensure that the rig is "fit for purpose". The working 
principles of the instrumentation installed on the flow loop are discussed, along with the 
operating procedures for the minimum transport velocity and turbulence experiments. 
Chapter 4 
Prior to the flow loop experiments the silica suspensions and sediments are characterised 
using a variety of analytical laboratory instrumentation. Atomic force microscopy is used 
to measure the normal and lateral forces of interactions between two surfaces. A detailed 
description of the calibration procedures is provided, before a description of the 
methodology for both the normal and lateral force measurements. The techniques to 
determine the sedimentation properties of the dispersed and aggregated suspensions are 
also discussed, along with an overview of the working principles of a viscometer which is 
used regularly throughout the project to measure the shear yield stress of consolidated 
sediments. Finally, the instrumentation and the working principles of the two techniques 
used on the pipe loop, ultrasonic Doppler velocity profiling and particle imaging 
velocimetry are discussed. 
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Chapter 5 
Chapter 5 is the first results chapter providing data on the particle-particle interaction force 
as a function of the electrolyte concentration and type. It should be brought to the reader's 
attention that in this chapter KBr is used as a background electrolyte in addition to KCI and 
KN03. KBr is only used to support the characteristic trends which are observed in the data 
throughout this chapter. A brief discussion on the complicated surface chemistry of silica 
is provided. Research with silica has produced many conflicting data sets, and the reader 
should be aware of the different silica surface properties. Ion-solvent, ion-ion and ion- 
surface interactions are also discussed with respect to altering the surface potential of the 
solid. The chapter includes zeta potential, shear yield stress, sedimentation, gel point and 
atomic force microscopy data. 
Chapter 6 
The minimum transport velocities of three colloidal suspensions are presented in this 
chapter. A review of the published correlations to determine the minimum transport 
velocity of fine particle suspensions is provided, along with a review on the physical and 
chemical approaches frequently adopted to modify the flow properties of such systems. The 
chapter includes further details on the novel approach which has been used in this study to 
determine the minimum transport velocity of fine particulate suspensions. 
Chapter 7 
Chapter 7 compares the turbulence intensity profiles of a sediment-free flow to a dispersed 
and an aggregated colloidal suspension. The effect of particles on the turbulent properties 
of a fluid are frequently discussed, but to my knowledge the introduction of aggregates and 
their effect on fluid turbulence has not been considered before. Pipe loop data comparing 
the turbulence intensities of three flows are presented. 
Chapter 8 
The conclusion and future work discussion chapter. The data collected throughout the 
project is related and summarised. Future work identifies the key gaps in the literature 
which need to be addressed to advance the research topics that have been considered in this 
study. 
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Appendix A 
Results from a detailed characterisation study on several solid samples are presented in the 
appendix. From the characterisation study which included the measurement of the particle 
size, zeta potential and suspension pH stability, Fuso silica was chosen as the "model" 
simulant solid. Fuso silica is characterised by a narrow particle size distribution, particles 
with high sphericity, no nano aggregates and stable suspension pl-1. Further discussion on 
the characterisation tests and the reasons for selecting Fuso silica are provided in the 
appendix. 
Samples studied: 
1. Monospher 1000-silica 
2. Angstromsphere- silica 
3. Calcium carbonate 
4. Spheriglass - glass 
Appendix B 
Additional Fuso silica characterisation. Data includes: 
1. Scanning electron micrographs 
2. Particle size (aggregate) 
3. pH stability 
4. Settling- KN03 and KCI electrolytes 
5. Critical coagulation concentration 
6. Gel point - KN03 and KCI electrolytes 
Appendix C 
Atomic force microscopy - Lateral force raw data. 
Appendix D 
Slurry pipe loop design and dimensions. 
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Chapter 2 
THEORY OF COLLOID INTERACTIONS 
NOMENCLATURE 
A Hamaker constant 
a Particle radius 
C1 Stem layer capacitance 
C2 Diffuse layer capacitance 
C Ionic concentration 
C, (P 0 
Di Diffusion coefficient of particle i 
df Fractal dimension 
dp Diameter of particle 
E Collision efficiency 
e Electronic charge 
G Shear rate 
9 Gravitational acceleration 
h Minimum surface-surface separation distance 
JU Collision frequency for particles of type i andj 
k Boltzmann constant 
k, j Collision rate constant for particles of type i andj 
M Mass of aggregate 
N, Adsorption site density 
n Ion concentration per unit volume 
nj Number concentration of particles of type i 
T Absolute temperature OK 
U Counter-ion specific adsorption potential 
VT Total potential energy of interaction per unit area 
VA Potential energy of attraction per unit area 
VR Potential energy of repulsion per unit area 
w Stability ratio 
x Distance 
Y Counter-ion mole fraction 
Z Valency 
ze Ionic charge 
Potential 
Permittivity of the medium 
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K Debye-Huckel parameter 
P Osmotic pressure difference 
JU 
Dynamic viscosity 
PS Density of particle 
PI Density of fluid 
Pa Density of aggregate 
P Charge density 
0 Distance x=0 (surface) 
3 Distance of closest approach, ion-surface interaction 
i Ion i 
00 Distance x= oo (bulk) 
ABREVIATIONS 
PZC Point of zero charge 
DLVO Derjaguin, Landau, Verwey and Overbeek Theory 
c. c. c. Critical coagulation concentration 
DLCA Diffusion-limited cluster-cluster aggregation 
RLCA Reaction-limited cluster-cluster aggregation 
Synopsis 
A characteristic feature of a colloidal dispersion is the large interfacial area between the 
dispersed phase and the continuous medium. The dispersed phase, which is distributed 
more or less uniformly throughout the continuous medium, is in a higher energy state than 
that of the bulk material as a consequence of the proportionally large number of surface 
atoms. As a result, Iyophobic colloids are thermodynamically unstable and have a tendency 
to aggregate. However, many colloidal systems appear stable over extended timescales. 
This apparent stability must be governed by some repulsive energy barrier. Destabilisation 
of the system can only be achieved in these cases when the kinetic energy of two 
approaching particles is sufficient to overcome this energy barrier. With an attractive van 
der Waals force always present between the particles, the collision efficiency (fraction of 
successful collisions resulting in aggregate formation) is controlled through altering the 
strength of the dispersive force which is a function of the surface properties and suspension 
chemistry. 
The strength of the interparticle interaction energy can significantly influence the bulk 
behaviour of the dispersion. This chapter introduces several fundamental areas associated 
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with colloid science. First, the methods through which a surface can acquire a charge in 
solution are considered, before a brief discussion on the theories developed to represent 
charge and potential distribution. - The theoretical approach to attractive and repulsive force 
determination is then discussed, and finally the overall influences of such forces on colloid 
stability and aggregation kinetics are considered. 
2.1 Surface Charge 
When a particle is dispersed within an aqueous electrolyte solution its surface will usually 
acquire a charge through one of several possible mechanisms: 1) ionisation and 1a) ion 
dissolution - when there is a greater tendency for one of the constituent surface chemical 
species to either dissociate' or dissolve Ia into the aqueous medium; 2) specific ion 
adsorption - preferential adsorption of ions onto the solid surface which results in a net 
charge; and 3) isomorphous ion - substitution by a lower valency ion. For the relevant case 
in this study of an oxide mineral particle dispersed within an aqueous electrolyte solution, 
the ionisation of the hydroxylated oxide surface can yield either a net positive or negative 
surface charge through proton release or adsorption. 
K, K2 
M- OH2+ #M- OH ---7 M-0-+ H20 
With the addition of a base (OIT), the pH of the system is increased resulting in a greater 
tendency for the surface sites to lose protons. Hence the oxide surface becomes more 
negative. With the addition of an acid (H), the equilibrium is shifted in the opposite 
direction resulting in the protonation of the surface groups. The oxide surface becomes 
more positive. The equilibrium equation suggests that there is a characteristic pH where the 
surface exhibits a net zero charge. This value is called the point of zero charge (PZQ, and 
can be determined through averaging pKI and pK2. 
2.2 Electrical Double Layer Models 
The presence of a charged surface in solution promotes the redistribution of ions within the 
surrounding medium. The surface charge is balanced over a short distance into the 
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neighbouring aqueous environment by an excess of counter-ions and a deficit of co-ions. 
The uneven distribution of ions within the neutralisation region is commonly referred to as 
the 'electrical double layer'. Several simplifying assumptions have been applied to 
describe the redistribution of ions neighbouring a charged surface, with the assumptions 
modified in later revisions of the theory. 
The earliest model to describe the ion distribution in the bulk was developed by Helmholtz 
in the 19'h century. Helmholtz modelled the double layer as a simple capacitor, with the 
electric charge on the surface neutralised by an equal and opposite charge immediately 
adjacent to the solid surface. The simplicity of the model; a result of the single charged 
layer, falls someway short of describing many experimental observations. 
4,0 
Solid Phase Liquid Phase 
, P=O 
Xpo 
4)=O 
Figure 2.0 The Helmholtz model (L. H. S. ), and the Gouy-Chapman model (R. H. S. ) of the electrical double 
layer. Solid line represents the potential distribution. 
The Gouy-Chapman model provided a significant refinement to the Helmholtz theory. 
Instead of treating the surface charge neutralisation with a single layer of counter-ions, the 
present model considered a charge distribution from the surface into the bulk solution; 
more consistent with entropy and thermal energy considerations. The potential ((P) 
distribution is related to the charge density (p), and is suitably described by the Poisson 
equation: 
d2 (p p 
dX2 E [2.01 
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where F. is the permittivity of the medium. The overall charge density in an electrolyte 
solution is determined by the anion and cation concentrations. Ions of the same sign as the 
surface charge will be repelled from the surface, while ions of the opposite sign will be 
attracted towards the surface. The distribution of ions can be described by the Boltzmann 
equation: 
ni = ný'exp ziep) L kT -i [2.11 
where ni is the concentration of ion i per unit volume at a point where the potential is (P, ni' 
is the concentration of ion i per unit volume in the bulk at a distance x= oo, z, e is the ionic 
charge, k is the Boltzmann constant and T is the temperature given in unit Kelvin. 
The charge volume density at a point from the interface is obtained through the summation 
of the anionic and cationic concentrations in a unit volume of the electrolyte solution. 
Zi ni' zie exp 
zi eVN 
kT ) 
[2.2] 
Combining both equations 2.1 and 2.2 with 2.0 yields the Poisson - Boltzmann equation. 
For a system where the electrical charge is small compared to the thermal energy, the 
Poisson - Boltzmann equation can be simplified by the Debye-liackel approximation. 
Defining the boundary conditions as (p = (po at x=0 and (p = 0, d(pldx =0 at x= oo, the 
Poisson - Boltzmann equation becomes: 
d21: 22 00 (Izi e n-j) 
EkT 
ýo [2.31 
with the second order differential solved to produce the Debye-HUckel approximation: 
T= ct x exp(-Kx) [2.4] 
For a symmetrical, z: z electrolyte, c' is given as (po. Equation 2.4 shows that the potential 
(e2ZZ2 00 
decays exponentially as a function of length (x). x ini with units m"' is known EkT 
as the 'Debye-HUckel parameter' with the reciprocal of ic often referred to as the 'diffuse 
layer'. The diffuse layer describes the region of varying potential from the interface; an 
important parameter in colloid stability, see Section 2.3 - Colloid Stability. At 25' C in 
water ic is simplified to: 
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0.329 x 10'0 ýcj. Z, 2 [2.51 
where ci is the ionic concentration and zi is the valency. 
The Gouy-Chapman theory also enables the surface charge density oo to be related to the 
surface potential. The surface charge density is opposed by the volume charge density 
through the diffuse layer and is given by: 
00 d2 (DN ýx- po fo -E i-) dx [2.6] 
Applying the following boundary condition 0, and for a small potential 
Ld'x 
x -+ oo 
(0 
zevo 
-, 1 this integral can be solved as a linear relationship: TT 
EK ýO [2.7] 
A fundamental assumption of the Gouy-Chapman model is the treatment of ions in solution 
as point charges, which can lead to an unreasonable counter-ion charge density at the 
interface for low surface potentials. The approach distance to the surface and the density of 
ions at the interface can be limited through treating the ions not as point charges, but as 
finite sized spheres with the charge located at the centre. Such behaviour was proposed by 
Stem in 1924. 
The Stem model separates the diffuse layer of the Gouy-Chapman model into two regions. 
The inner region next to the surface known as the 'Stem layer' is defined separately from 
the diffuse layer which is suitably described by the Gouy-Chapman model. The two layers 
are separated by a Stem plane located at a distance 6; one hydrated counter-ion radius from 
the surface. 6 identifies the closest distance an ion can approach without becoming 
specifically adsorbed. For the simplest case where there is no adsorption of the counter- 
ion, the surface charge is neutralised solely by the diffuse layer charge. In order to satisfy 
f d(PN the limit ý-. xj 
0, the surface potential drops over both the Stern and diffuse layers dX X -* CO 
according to their capacitances. The capacitance over the Stem layer (CI) and the 
capacitance over the diffuse layer (C2) are given by: 
Po 
[2.8] (Po - (Ps 
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C2 ý 
po 
(Ps 
[2.9] 
The largest potential drop is over the region with the smallest capacitance. For example, in 
a high ionic solution where C, < C2 the largest potential drop is over the Stern layer. While 
in a low ionic solution; C2 < C1, and the largest potential drop is over the diffuse layer. 
The second case considers the affect of counter-ion adsorption on the charge distribution. 
The relationship between the charge densities at the surface and the Stem plane, for a non- 
adsorbing system, is no longer applicable. To achieve charge neutrality the summation of 
the Stem and diffuse charge densities must be equal and opposite to the surface charge 
density. The charge density of the Stem plane is defined as: 
p8 =-- zieNyi exp 
P (ziw6+ ut) [2.101 
where N, gives the adsorption site density; yj the counter-ion mole fraction and uj the 
counter-ion specific adsorption potential. In some cases, such as polyvalent counter-ions, 
when the specific adsorption potential is large, charge reversal in the Stern plane may be 
observed as the charge density exceeds the charge density of the surface. 
Grahame 111(1947) provided a further refinement to the electrical double layer model by 
modifying the Stem model through subdivision of the Stem layer into an inner layer and an 
outer layer. The Stem-Grahame model which remains the accepted model for describing 
the electrical double layer differentiates between the unhydrated ions that specifically 
adsorb to the surface, and the hydrated counter-ions in the Stern plane. The boundaries are 
defined as the Inner Helmholtz plane; one unhydrated ion radius from the surface, and the 
Outer Helmholtz plane located at a distance 8 from the surface. 
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Figure 2.1 The Stem-Grahame model of the electrical double layer. Within the inner Helmholtz plane 
partially un-hydrated ions are adsorbed, with the hydrated ions at the outer Helmholtz plane. The surface of 
shear at which the electrokinetic potential is determined is at a distance just outside the outer Helmholtz 
plane. 
2.3 Colloid Stability 
The effective diameter of a charged sphere in solution is commonly considered to be equal 
to the solid sphere diameter (dp) plus 21c-'. When two equal spheres approach, the centre- 
centre separation distance may be less than the effective diameter of the sphere, resulting in 
electrical double layer overlap. The ionic concentration within this region is higher than 
the equilibrium concentration for that surface potential, and this drives an osmotic pressure 
gradient between the two surfaces. For a plate-plate interaction, the potential energy of 
repulsion per unit area VR can be determined through calculating the work done in forcing 
the two plates together: 
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h VR f. "Pdh [2.111 
where P is the osmotic pressure difference between the bulk and the overlapping double 
layer region, and h is the minimum surface-surface separation distance. 
As two charged surfaces approach, the surface-chemical equilibrium is maintained by the 
interaction mechanics of the two double layers which can either be described by a constant 
charge or a constant potential approach. Assuming that the surface potential remains 
constant on approach, the equilibrium is maintained through both surfaces gradually 
discharging the potential-determining ion, reducing the magnitude of the surface charge. A 
constant potential approach is reasonable when the rate of double layer overlap between the 
two surfaces is extremely slow. However, the encounter time for a Brownian collision is 
typically in the order of 10-6 S [21, which is significantly greater than the discharge time of 
the potential determining ion from the surface. Here, a constant charge approach is 
postulated where the surface potential adjusts accordingly as a function of separation 
distance to maintain the surface-chemical equilibrium. The two approaches are rarely 
justified on their own in practice, with the real situation generally a combination of the two 
effects. 
When describing the interaction potential between two charged surfaces, several 
expressions have been derived to account for both plate-plate and sphere-sphere interaction 
potentials. With the double layer interaction kinetics difficult to interpret due to the 
dynamic aspect of the system, the derived expressions for sphere-sphere interactions are 
usually based on plate-plate expressions using the Derjaguin's approximation, or the linear 
superposition approximation. Detailed analysis of these approximations employed when 
determining the interaction potential is outside the focus of this study. Readers are referred 
[3,41 
to the following references for a more in-depth interpretation of the approximations 
For two identical spheres with radius ai = a2 = a; Stem potentials (PSI = (P82 = (Ps, separated 
by a minimum distance h, in a symmetrical z-z electrolyte; the double layer interaction 
potential is given by: 
VR = 32lrEa(kT/ze)2y2 exp (-Kh) [2.121 
where e is the electronic charge 
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exp 
fze(pSl_ 
[ -2k T1 [2.131 and 
exp [ze(pSI +1 L 2kT J 
which can then be simplified further when the Stem potential is small to become: 
VR = 27reaV2 exp (-Kh) 8 [2.14] 
Equation 2.14 summarises the influence of h and the inert ion concentration ci (see equation 
2.5) on VR. As the separation distance increases the interaction potential decreases in an 
approximately exponential manner. While an increase in c, results in an increase in K, and a 
decrease in (ps; consequently reducing VR. 
The total potential energy of interaction is composed of a repulsive component and an 
attractive component. Hamaker E51 has shown that as two colloidal particles approach one 
another, the atoms in one particle interact with all the atoms in the neighbouring particle, 
and the resultant interaction potential VA at close approach (h << a) is given by: 
VA =-A(al. a2)16(al + a2)h [2.151 
with A defined as the Hamaker constant and subscripts 1 and 2 refer to particle I and 
particle 2. 
The attraction potential is suitably described by London-van der Waals forces. Such 
forces result from the oscillation behaviour of the electron clouds around two non-polar 
molecules. These molecules are associated with fluctuating dipoles which align themselves 
with neighbouring dipoles when in close proximity; leading to a net intermolecular 
attraction. The Hamaker approach to evaluating the London-van der Waals attraction is 
based on the pair-wise summation of all intermolecular interactions between each body. 
The Hamaker constant in equation 2.16 is termed 'the effective Hamaker constant', which 
considers both the solid and dispersion medium properties. A modified constant accounts 
for a reduction in the attraction potential, compared to a system under vacuum. For a 
solid-liquid system where the two particles are of the same material, the effective Hamaker 
constant becomes: 
II 
A131 = (A 
2-A2 )2 
11 33 
24 
where subscripts 11 and 33 represent the interaction between the particle-particle and the 
dispersion medium-dispersion medium respectively. Equation 2.16 concludes that the van 
der Waals interaction is always positive in a system when the two interacting bodies are 
composed of the same material. For the system under consideration in the present study, 
the Hamaker constants for water (33) and silica (11) are 5 and 50 x 10-20J respectively [6]. 
One of the main disadvantages when applying the Hamaker approach is that it tends to over 
predict the inverse square force decay as the separation distance increases. The large 
separation distance between particles in a colloidal system introduces a time effect 
associated with the propagation of the electromagnetic radiation between the particles. 
Several studies [7,81 have highlighted this error, which is considered negligible at short 
separation distances (h - 10-20nm) when the interaction is strongest. The retardation effect 
can either be accounted for through applying an alternative approach to evaluating the 
London-van der Waals forces; the Liftshitz method, or through a simple modification of the 
Hamaker approach. Such approaches have been considered in detail in various textbooks [4, 
6,91 ; with further discussion considered outside the scope of this study. 
An explanation for the stability of colloids in aqueous media determined from the total 
potential energy of interaction between two approaching particles was first proposed in the 
1940's by two independent research groups. The approach is commonly termed the 
'DLVO theory' (Derjaguin and Landau [101, and Verwey and Overbeek 1111), and treats the 
total potential energy of interaction as linear superposition of the repulsive and attractive 
interaction potentials: 
VT I-- VR + VA [2.171 
The two interaction potentials can be determined theoretically from equations 2.14 and 
2.15. Figure 2.2 below illustrates how both the repulsive potential and the attractive 
potential decays with separation distance. The summation of the two potentials results in 
the total interaction potential VT which is plotted in the bottom figure of fig. 2.2. The total 
interaction potential is determined theoretically for a 1: 1 electrolyte at 2980K with a 
constant surface potential of -25mV. 
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Figure 2.2 Top - The attractive and repulsive components as a function of separation distance. Bottom - 
Summation of the two potential energies resulting in the total potential energy of interaction. A lowering of 
the ionic concentration is observed to increase the repulsive barrier. 
When considering the attractive potential (equation 2.15) it is clear that as the separation 
distance decreases the magnitude of the potential increases without limit, resulting in this 
potential always dominating at small separation distances. The inverse square decay 
behaviour also means that at large separation distances the attractive potential will 
dominate over the repulsive potential which decays exponentially - see figure 2.2 (top). 
This characteristic behaviour is clearly observed in figure 2.2 (bottom) for the 4x 10-2M 
electrolyte, which shows a shallow secondary minimum at 6nm and a deep primary 
minimum at a separation distance < Inm. The secondary minimum may result in the 
formation of weak aggregates forming small clusters which can easily be re-dispersed. As 
the repulsive force is exceeded the particles are held by strong van der Waals attraction 
forces in the primary minimum, forming larger clusters that require a significant amount of 
energy to initiate aggregate break-up. 
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Depending upon the various physiochernical parameters of the system there may be a 
region over which the repulsion potential dominates. A repulsive energy barrier (kT) can 
be established which typically ranges Vic, limiting the collision efficiency (E) of the 
colloidal particles. The energy barrier which is generally several U, spanning several 
nanometres, ensures that the potential energy of a particle alone is insufficient to surmount 
the barrier and initiate doublet formation. Collision behaviours are explained by three 
mechanisms i) Perikinetic aggregation, ii) Othokinetic aggregation and iii) Differential 
sedimentation which incorporates a kinetic energy term to aid aggregation - see section 2.4. 
As the repulsive potential barrier is lowered (increase in ci), the collision efficiency 
increases, until eventually a point is reached where the repulsive barrier diminishes and the 
total potential remains negative at all times; the collision efficiency in principle is then 
equal to 1. 
The transition from a stable to an un-stable colloid suspension where rapid aggregation is 
observed typically occurs over a small range of electrolyte concentrations (see figure 2.3 - 
the clearing rates of Fuso silica used in this study are determined from the settling profiles 
collected using a LUMiFugeS). The clearing rate is measured as a function of the KN03 
electrolyte concentration. The data shows a sharp transition in the clearing rate at the 
critical coagulation concentration). The concentration at which slow aggregation gives way 
to rapid aggregation is termed the 'critical coagulation concentration' (c. c. c. ) and is 
theoretically described when VT =0 and dV71dh = 0. When the surface potential is large 
(ze(p&14kT >>I) the c. c. c. as defined by equation 2.18 identifies an inverse sixth 
proportionality with the counter ion valency 19]: 
c. c. c. (mol dm-') = 
88 x 10-40 
Z6AZ [2.181 
However, if the surface potential is small (ze(pjAkT < 1) the c. c. c. has a much weaker 
2 dependency on the counter-ion valency and is proportional to z- 
c. c. c. (mol dm -3) = 
t3.65 x 1035 4 ý9ý) 
k7 A2 
(4Z2 
[2.191 
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Figure 2.3 Critical coagulation concentration of Fuso silica determined experimentally by monitoring the 
clearing rate of the colloidal suspension; background electrolyte KN03. Rate of clearing determined through 
centrifugal sedimentation (LUMiFugeID). 
Simple interpretation of the DLVO theory would suggest that at a small separation distance 
the two approaching surfaces would spring into contact. With the development of surface 
force apparatus in the 1970's, theory developed from studying the kinetics of coagulation 
could now be verified by directly measuring the interaction force as a function of separation 
distance. At large separation distances the double layer repulsive force was verified. While 
at small separation distances 'additional forces' not accounted for in the original theoretical 
interpretation provided some disparity. Large repulsion forces due to either hydration 
and/or osmotic pressure effects [121 are generally observed at high salt concentrations (> 10- 
3M), preventing the. direct contact between two approaching surfaces. The modified total 
potential energy curve exhibits a primary minimum, where the surface - surface separation 
[41 distance typically approaches 0.3nm . Surface hydration through the adsorption of 
hydrated cations prevents direct surface - surface contact. Dehydration of the surface sites 
and the expulsion of the hydrated ions from the gap involves work and hence an increase in 
the free energy of the system. Ion exclusion generally results from osmotic pressure which 
'balances' the solution pressure between two approaching surfaces, preventing the influx of 
pure solvent from the bulk. With the overlapping of two double layers, the ionic 
concentration in the region increases generating an entropically unfavourable system. Pure 
solvent is then drawn into the gap to stabilise the system, with the increasing pressure 
providing a barrier of limiting approach. 
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2.4 Aggregation Kinetics 
Brownian motion, gravitational forces and the kinetics of flow ensure that particles in a 
colloidal dispersion remain in constant motion. The random trajectory of a particle due to 
Brownian motion or displacement by a fluid eddy provides a source of energy for particle 
collisions. The physiochemical nature of the dispersion, the collision frequency, the 
collision efficiency, and the aggregate break-up rate under fluid shear are all factors that 
will influence the overall number and size distribution of aggregates formed in a 
suspension. 
Formation of aggregates in a colloidal suspension and the rate at which these aggregates 
form can play a significant role in modifying suspension rheology, and therefore, process 
performance. For example, the relationship between the residence time and the 
characteristic time for aggregation is important in de-watering processes, where a short 
characteristic time for aggregation is favoured to induce rapid suspension separation [131 . In 
pipe flow the formation of open porous aggregates lead to an increase in the 'effective' 
solids volume fraction of the dispersed phase in the carrier fluid, influencing the 
transportation properties by modifying the slurry viscosity, the particle sedimentation rate 
[14-161 and to be discussed in chapter 7 the turbulence intensities 
Aggregation processes can simply be described by the total number of collisions JU 
occurring between primary particles of size i andj in a unit volume and a unit time. The 
initial rate of aggregation (kij) is strongly dependent upon the particle diffusion coefficient 
which is influenced by several parameters such as particle size, temperature and transport 
mechanism. 
Jij = kijni'nj' [2.20] 
I 
where n., is the number concentration of the different particles; ky the second order rate 
constant. 
The rate constant for a colloidal dispersion in which the rate of aggregation is diffusion 
limited (Brownian motion) was first described by Smoluchowski [173, Who calculated the 
rate of diffusion of spherical particles of type i to a fixed sphere of typej. As i particles 
attach themselves to the central sphere j and are removed from the suspension, a 
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concentration gradient is established in the radial direction from the fixed sphere. 
Eventually, a steady-state condition is reached where the number of i-j collisions in unit 
time can be described as: 
Ji = 47r(ai + aj)Dini' [2.211 
where Di describes the diffusion coefficient of a spherical particle given by the Stokes- 
Einstein equation, and ai + aj, is the centre to centre separation distance when the particles 
are in contact. 
If the central sphere is not held in a fixed position and experiences Brownian motion itself, 
a mutual diffusion coefficient Dy, which is equal to the summation of both diffusion 
coefficients is to be substituted to replace Di. In addition, the number of collisions is no 
longer solely dependent on the diffusion of i, but is dependent on both i and j; 
consequently, Jj is to be substituted with Ju. 
The initial rate constant for perikinetic collisions where both particles undergo Brownian 
diffusion is determined through relating the modified form of equation 2.21 to equation 
2.20, substituting 
kT 
for the individual diffusion coefficients. 61r, ua 
kij = 
2kT (ai+ aj 
)2 
311 ajaj 
[2.221 
Equation 2.22 shows the significance of the particle radius on the perikinetic rate constant. 
In a dispersion of equal spheres where the rate constant is a minimum, the diffusion 
coefficient of the particles and the collision radius effectively offset each other making the 
rate constant independent of particle size. 
Smoluchowski [171 also considered the rate constant for a suspension where the particle 
collisions arc significantly influenced by the fluid motion. The orthokinetic rate constant 
for aggregation was developed by considering a uniform laminar shear profile, where 
flowing particles ai collide with a fixed sphere aj. With particles aj following straight 
streamlines and collisions justified when centre-to-centre separation distance satisfies aj + 
aj, the collision frequency can be subsequently determined from the total number of 
collisions JU in unit volume and unit time. 
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Jij =1 Gni'nj'(ai + aj 
)3 [2.231 
3 
thus, 
kij =1 G(aj + aj)l [2.24] 3 
The diffusion coefficient in the perikinetic rate constant is now replaced by the dominant 
shear rate parameter G which accounts for the rate of particle displacement in a flow field. 
In a system of equal spheres, the orthokinetic rate constant shows a cube dependency of the 
collision radius. As the collision radius increases, the rate of aggregation increases with 
aggregate size, as the chance of capture increases. Unlike perikinetic aggregation, the rate 
of aggregation is no longer limited by a reduction in the diffusion coefficient. 
In 'real' processes particle collisions are more likely to occur under turbulent flow 
conditions, with the aggregation rate equation under simple shear no longer valid. Saffman 
and Turner 1181 for isotropic turbulence proposed the replacement of G with a mean shear 
rate parameter 6. The mean shear parameter is given as the power input per unit mass of 
[19) fluid to the kinematic viscosity of the fluid ratio 
For a suspension within which the particles either have varying density or size, a third rate 
constant can be derived to account for differential sedimentation. The Stokes' equation 
which is dependent upon both particle size and density indicates that larger denser particles 
will sediment at a faster rate than smaller less dense particles. Assuming that the two 
particles are failing within the collision radius (ai + aj), it is expected that the velocity 
differential will result in contact between the large and small particle. The total number of 
collisions JU and the initial rate constant kij for particles of equal density are given by: 
jij = 
12119ý (ps _ pl)(ai + aj)3 (ai - aj)ni'nj' [2.251 ý717) 
and 
kij 
(2 9 (ps - pl)(ai + aj) 
3 (ai - aj) [2.261 
R9,11, ) 
The three rate constants are independent of viscous and colloidal interaction effects. 
Viscous effects result from the work required to displace fluid from an ever decreasing gap 
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as two particles approach one another. The overall effect is a modification in the rate of 
aggregation. For perikinetic aggregation the viscous effect can be accounted for by a 
reduced diffusion coefficient, while a limiting collision efficiency parameter can be 
considered for orthokinetic aggregation. The effect of a stabilising force in a colloidal 
dispersion will also act to reduce the aggregation rate. This reduction can be accounted for 
by a stability ratio W; given as the ratio of the aggregation rate in the absence of colloidal 
interactions (theoretical) to the rate of aggregation influenced by colloidal interactions 
(experimental). A simple theoretical expression relating the interaction energy (VT) to the 
stability ratio W was provided by Fuchs [201 :u= d1a for equal particles, where d is the 
collision radius and a the particle radius 
2 fom (u+2)2 du [2.271 
An approximate solution to the integral was provided by Reerink and Overbeek 12 11 who 
derived an expression through approximating VTto a Gaussian curve, resulting in a linear 
relationship between logW and logc. The linear relationship for slow aggregation is valid 
until a critical electrolyte concentration is met. For fast aggregation satisfying the 
theoretical approach of Smoluchowski, W equals I and is independent of electrolyte 
[21-231 concentration 
log W 
ccc log c 
Figure 2.4 The influence of increased salt concentration on the stability ratio W. Figure redrawn from 1241. 
32 
The structUre of' all aggregate (si/e and density) and the kinetics through \\Ilicil tile 
aggregate is I'Orrned can be described by two irreversible augregation mcchan I sill. ": 
11 
-ý' (dit'ILision-limited cluster-clUster aggregation) ,II -" RLCA (reaction-1 III] Ited DLCA 
I' 11C 
CILIster-c I Lister aggregation). DI. CA occurs ýOcil the dispersive componciit I'or 11,1111cle 
stability is neg I io ible ( 11' -I) lead in" to Ll sijLjýlj [oil \\ hel-C ý11 I COI IiSJOIIS I'CMit In a st ickino 
event producing kwge open clusters. \\hich are uiilikclý to undcr-go rcarrall., 1c, "clit to 
prodLICC 11101-C COI-nplCt ChlStCl-S. With a sinall potential barrier to aggrepH . a)" tile 
probability ol'a sticking event when the particles cmne hHo close proxh"hy k red"ced. I he 
aggregation kinetics is described bN, the R1, CA model, \Oicrc particles have an opport"llit\ 
to dill'use into the core of the aogregate bc1lore the\ become attached. I lie Illechall I Sill 
\Oich is limited bý the reaction of' the particle to the Clustcr produces smaller Illorc 
compact a(-), (, re gate structures. Z: ý Z-- Z, 
17 
FiOUre 2.51' 1: Polystyrene latcx aggregatc structures prcparcd bý di ffirsion-I I []I ited (a) and 1-caction-linlitcd 
(b) colloid agor", ation. 
he spatial description of' the random arrangement of' particles ill all ag"re"alc call be ý- Z7 
itably described by Cractal mathematics. SLl* Tlic mass fi-actal dimension (I/ \\hich is 'lot 
hillited to integer values call var\ bet\wen I I and a 1-1) space. \6th I correspolidi to 
a Imear chain of' particles and 3) a coalesced sphere. tile densest possible coni-iourntion lor a 
series ol'connected particles. til is t'reqLlClltl\' determined 1rom static holit scattering \\Ilcl-c 
the scattered intensity fi-om the aggregate is correlated to the scatterim, anole. Both the 
mass and density of' the aggregate are proportionalk related to the fi-actal dimensioll. 
satisl'ying: 
in (a) oc a 
dl 
(U) oc (1 
(11 31). -)()1 
33 
Theory and experiment [28,291 have shown that for DLCA, df ýz 1.75 ± 0.05, and for RLCA, 
df ; zý 2.1 ± 0.05. 
The strength of an aggregate is related to the aggregate density (number of particle-particle 
contacts) and the interparticle attraction component between neighbouring particles. 
Experiments have shown that exposing large length scale aggregates (df = 1.75) to mild 
[27,301 
shear, it is possible to bring about conformational change in the aggregate structure 
An increasing aggregate fractal dimension correlates with an increasing shear, until a 
critical shear is reached where it may no longer be possible to quantify the structure of an 
aggregate by fractal dimensions. Breakage under orthokinetic conditions either by 
fragmentation or surface erosion of small components ultimately influences the overall size 
and density of the aggregate. In a perikinetic system the aggregate size and density is 
limited by the aggregate mass. As the aggregate grows a situation is reached where the 
mass force exceeds the buoyancy force, and the aggregate begins to settle. The 
displacement of fluid through and around the aggregate structure will provide a simple 
shear region to initiate surface erosion. 
A unique behaviour of silica aggregates is associated with their ability to spontaneously 
restructure over time. Aubert and Cannell [311 using - 22nm silica spheres dispersed in IM 
NaCI at different pHs and solids concentrations, observed the restructuring of unstable 
silica aggregates prepared by DLCA. The aggregates restructured within a period of 
minutes to hours, with the fractal dimensionality of the aggregate changing from 1.75 to 
2.08. Schlomach [321 proposed a mechanism for this restructuring referring to a 
densification process of the outer aggregate, with diffusion of the primary particles towards 
the centre of mass of the aggregate. Further studies showing the restructuring phenomena of 
silica aggregates [33,341 have considered the affect of either a hydration layer [35] or a surface 
gel layer [36,371 between neighbouring particles which prevents direct contact (see chapter 5 
for further discussion). This 'steric' barrier provides an opportunity for one particle to roll 
around another reconfiguring the structure to one which is thermodynamically more stable. 
The spontaneous restructuring of silica aggregates is however an area which has not 
received much fundamental attention due to conflicting experimental observations. 
Subsequent research into silica clusters prepared by DLCA has also shown that 
1291 [291 spontaneous restructuring does not occur . Martin et al. studying the formation of 
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silica aggregates from I Inm primary particles observed no spontaneous rearrangement. 
The experiments completed under similar conditions to those specified by Aubert et al . 
'3 11 
showed the fractal dimension of 1.84 to be independent of time. An increase in fractal 
dimension over several hours was observed, but this was associated to shear applied to the 
aggregates during re-suspension from the bottom of the scattering cell in order to obtain the 
measurement. The behaviour of a cluster prepared by DLCA is most likely to be associated 
with the surface properties of the silica which is determined from the manufacturing and 
preparation methods. Further discussion on the behaviour of colloidal silica in solution is 
covered in Chapter 5. 
2.5 Conclusion 
The present discussion has provided a brief overview on the long history associated with 
colloids and colloid stability. In the current environment of escalating fuel and energy 
prices many multiphase process operations can be optimised through a greater 
understanding of the particle-particle interactions. Such techniques have been applied in 
the water industry for many years to optimise sedimentation rates and water recovery. 
Only in recent years has the hydrotransport community begun to work with additives to 
control the particle-particle interaction behaviour and optimise the pipeline and pumping 
performance. 
The discussion on colloids and colloid stability has been included in the thesis to provide a 
basis for interpretation of the data in the later chapters. The DLVO theory is strictly 
developed for pair interactions if only the double layer and Van der Waals forces are 
operative. Non-DLVO interactions such as steric or solvent interactions, thin film 
coalescence or multi particle contacts are beyond the theoretical confines [21 . However, 
over the years many researchers have found the DLVO theory to be a useful tool when 
interpreting non-colloidal particle-particle interactions and multi-particle suspension 
properties. For the results chapters later in the thesis, where particle-particle interactions 
and suspension rheological properties are investigated, the behaviour can be suitably 
interpreted and discussed using the DLVO theory; the theory being used only to provide a 
tool to supplement an understanding of the observed changes. 
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Chapter 3 
SLURRY FLOW LOOP DESIGN AND ITS 
ASSOCIATED INSTRUMENTATION 
NOMENCLATURE 
B Flux density 
D Diameter of impeller 
d Diameter of pipe 
dp Diameter of particle 
e Voltage 
9 Gravitational acceleration 
I Length of conductor 
it Half loop length 
M Bending moment 
M Mass flow rate 
Nj, Impeller speed required to just suspend the particles 
P Minimum power requirement 
Pý Dimensionless power number = 0.67 
r Radius of tube 
S 6.8 
U Mean stream velocity 
U Depth-averaged strearnwise velocity 
U Turbulence intensity 
U RMS strearnwise component of the flow 
U Instantaneous velocity 
X oo X 
SolidMass 
Liquid Mass 
Xent Entrance length 
An Solid liquid density difference 
PL Density of fluid 
PM Density of mixture 
V Kinematic viscosity 
V Relative velocities between the conductor and the field 
0) Angular rotation velocity 
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ABREVIATIONS 
PIV Particle imaging velocimetry 
UDVP Ultrasonic Doppler velocity profiling 
Re Reynolds number 
ENIF Electromagnetic flow meter 
Synopsis 
The design criteria and design equations used to construct a horizontal slurry flow loop are 
outlined. Evaluation of the pipe loop and its individual components are initially made, 
before scrutinising the ancillary equipment and instrumentation required for the 
measurements. The slurry flow rig cleaning and operating procedures for the re-suspension 
and turbulence experiments are also outlined. 
3.1 Pipe Loop Design 
A century of multiphase flow research has highlighted the 'fit for purpose' philosophy that 
should be employed when designing a slurry flow loop. An extensive literature review by 
Gillies (1991) Ell illustrated the wide range of studies that can be completed using a slurry 
flow loop, thus stressing the importance of critical analysis design to deliver a system that 
allows for accurate and reliable data collection. Some of the slurry flow loop applications 
considered by GilliesIll are: 
Solid loading limits of the system 
Minimum transport velocity 
Velocity and concentration profiling 
Calibration of meters and sensors 
Pumping characteristics and performance 
Particle degradation 
Erosion/corrosion 
Start up and shut down protocols 
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Figure 3.0 summarises the key steps that should be undertaken to ensure that a horizontal 
flow loop is 'fit for purpose'. The first step is to identify the application for the slurry flow 
loop which is generally governed by the project objectives, in our case, to investigate the 
re-suspension and turbulence properties of colloidal suspensions. The second step focuses 
on the material to be transported in the pipe loop. The research here was directed towards 
studying 'model' slurries; that is to say, slurries where the particle size, shape and density; 
and the solution chemistry can be sensitively controlled. An in-depth 'bench-top' 
experimental programme provided a comprehensive data set from which several slurries 
were chosen for further investigation in the pipe loop. Readers are referred to chapters 4 
and 5 which report the experimental programme and the results in detail. The third step 
reports an early assessment of the possible technologies that can be installed on the pipe 
loop to collect the relevant experimental data, along with instrumentation that can be 
installed to continuously monitor the operating performance of the pipe loop. Imaging 
using PIV was chosen to study the re-suspension characteristics of the sediment beds, and 
UDVP was chosen to study the turbulence properties. The design of the pipe loop should 
then incorporate the key outcomes from steps 1-3. Our pipe loop design was greatly 
influenced by the cost of the raw materials for the slurry. Both the test loop length and the 
pipe diameter were suitably chosen in consideration of these raw material costs. The pipe 
material was influenced by cost, safety (pressure rating, chemical resistance) and its optical 
property (maintaining image clarity). Consideration was also given to access ports on the 
pipe loop, which allows for fluid/air drainage, as well as equally spaced fittings that enable 
the loop to be disassembled with ease to remove any sediment blockages. Finally, the 
subsidiary equipment such as pumps, mixers and flow meters were chosen based on design 
calculations which are a function of the slurry and the operating parameters. 
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Investigate the influence of colloid interactions on: 
1) Re-suspension behaviour of consolidated sediments 
U '& 2) Minimum transport velocity of colloidal suspensions 
CL < 3) Turbulence intensity of colloidal suspensions 
Discrete phase: 
1) Size 
AD 2) Shape 
3) Density 
4) Concentration 
Continuous phase: 
1) pH 
2) Ionic concentration 
2 Selection criteria: 
5 1) Suitability 
(D E 2) Sensitivity 
2 3) Safety 
.E 
4) Cost 
Selection criteria: 
bo 1) Pressurerating 
2) Optical properties 
3) Accessports 
1) Feedvessel 
10 2) Pump 
r 3) Dataacquisition 
Figure 3.0 Pipe loop design criteria 
3.1.1 Experimental Pipe Loop 
The pipe loop can be described as an open-loop, re-circulating system. Once-through and 
closed loop re-circulating systems were rejected on the basis of cost and ease of operation. 
Figure 3.1 shows a schematic layout of the experimental loop. The system consists of a 55 
litre mixing tank supported 1.5m above the pump inlet. The fluid pulsations from the pump 
discharge are sufficiently dampened by a 2m coil of unreinforced PVC hose, pressure rating 
5 bar (RS components, UK). A 5.5m long test section is constructed from clear PVC-U 
pipe, 26mm i. d., pressure rating 15 bar (international Plastic Systems, UK), and 26mm i. d. 
DURAN9 glass tubing, pressure rating 8 bar (SCHOTT, UK). The test section is secured 
to a horizontally levelled bench, with an outbound and inbound length of 2.3m and 2.5m 
respectively. 
Both test sections, UDVP on the outbound and PIV on the inbound are preceded by a 
disturbance free approach length. An air bleed valve is located on the outbound section and 
4 pressure gauges are spaced at 0.75m intervals on the inbound section. An electro- 
magnetic flow meter is vertically positioned 0.75m along the feed line to the mixing tank. 
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(11ý 
Feedtank 
Drain line 
I 
r 
I 
Pump 
Flow me 
Figure 3.1 Schematic representation of the 26mm U. pipe ioop 
3.1.2 Pipe Selection 
Three types of piping all with an internal diameter of 26mm were installed on the flow 
loop. The flexibility of PVC hosing enabled the flow lines to and from the pump to be 
connected with relative ease, and provided a suitable degree of pulsation dampening from 
the pump discharge. 80% of the rig is constructed using clear PVC-U tubing, chosen due to 
its rigidity, resistance to chemical attack and transparency. A 0.75m long DURANO glass 
section installed beneath the illuminated laser sheet provides excellent optical properties, 
therefore, minimising adsorption and/or distortion of the light sheet. Due to the curvature 
of the pipe, a small water box (1: 250mm, w: 100mm, h: 120mm) was installed around the 
glass test section to improve image clarity by minimising the distortion of the laser light. 
Economic limitations, laboratory floor space and measurement optimisation were all factors 
considered when selecting a suitable internal pipe diameter. The eventual pipe diameter 
was a compromise between minimising the rig volume and maintaining a sufficiently large 
pipe cross sectional area so that the two measurement techniques, PIV and UDVP could be 
applied. 
Recirculation line 
UDVP 
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The test length ofthe pipe loop included Union sockets at I III intervals Nvh, ch provided case 
ofaccess [Ior pipeline cleaning and blockage removal. Ball valves were Installed oil the 
to be operated only as isolation valves. 
Both IIIV and UDVII instruments ýwrc positioned vNithin the I'ullý developed llmý reoion. 
Thc cntry Icngth for fully dcvciopcd turbulent flo", is dcl-med asý"': 
1.41 x Re 0.25 
(1 
I -,. () I 
where x,.,,, is the entry length, d is the pipe diameter and Re is the IlUld RCY11()IdS IILIIIIIICI-. 
Over a Reynolds number range ol'2500 to 11000 (on-set of Iluld iLlrhlIlClICC to 11MXIIIIIIIII 
pump Ilow velocity), the cntry lengths are piven as 0.26ni (I Od) and 0.37m ( 14d). ý- I 
3.1.3 Pump Selection 
The choice ol'purnp is crucial to the operating perl'Ormance ol'a test loop or s'lurr) pipeline. 
As can be seen in figure 1.2 there are several dit'lerent types of' slurr\ pump \\111ch re! "Ide 
Linder the headinos of' direct and Iluid On-direct) displacement. Indirect displaccincilt 
defines tile movement ot'a slurry using either air, water or oil its a motive Ould. Iýpical 
examplesot'indirect slurry PLIMpsare: Jet, 'FORL. XAGO Ati-nosFras and Air 1,01. Due to 
their limited applications, a brict'description ol'the pumps operation \\, III not be provIdCd. 
P 11 I lowevcr. readers are rel'erred to the 1`611m\, ing rel'erences I'Or I'Lirther iril'Orniation 
I Slurry Purnp,, I 
I Direct Displacement I 
I Rotodynamic I I Positive Displacement I 
Centrifugal 11 Special Types II Reciprocating 11 Rotary 
I Diaphragm 11 Piston I 
Fluid Displacement 
FA-i 71 FO iII 
Figure 3.2 Types ol'slurry pump 
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Direct displacement pumps which are more commonly used in slurry applications describe 
a 'family' of pumps which convert mechanical energy into kinetic energy of the slurry. 
This group can be further sub-divided into two more categories; rotodynamic and positive 
displacement. A rotodynamic pump which generally describes the action of a centrifugal 
pump accelerates the slurry by means of a rotating element enclosed in a housing, 
generating a pulsation free slurry flow. Such pumps are portrayed as being the most 
durable, producing flow rates up to 17,000 rn 3 hr-1, discharge pressures in excess of 200m 
water, operating temperatures ranging from -40 to 300'C and solids handling capabilities 
up to 200mm, with a solids loading approaching 80% by mass; dependent upon the 
rheological properties of the slurry. However, there are several disadvantages associated 
with running such a pump. Particles passing through the pump housing can be shattered on 
impact with the rotating disc, and conversely, the ribs on the rotating disc can be eroded 
away due to the abrasive nature of the particles in the suspension. Also, operating a 
centrifugal pump in extremely low flow rate conditions (tens of litres per hour) can cause 
the pump to continually stall, as it fails to generate a high enough suction or outlet pressure. 
Positive displacement pumps can be categorised into reciprocating, further sub-divided into 
diaphragm or piston, and rotary pumps. Reciprocating pumps are characterised by high 
head, as well as low flow, low shear, low wear and low particle degradation rates, with a 
capability of pumping very viscous, abrasive slurries. The pump works on the principle of 
drawing a volume of slurry through a non-return valve into the pump housing on a suction 
stroke, before pressuring the slurry and expelling the slurry from the pump housing through 
a second non-return valve on the delivery stroke. Such systems can be single acting (one 
piston and one chamber) or double acting (one position and two chambers). Diaphragm 
pumps work on the same principle except that the slurry is not in direct contact with the 
piston. 
There are a wide range of commercial pumps that can be categorised as 'rotary'. Only the 
two most common pumps, progressive cavity and peristaltic will be considered. A 
progressive cavity pump consists of a single start helical screw rotor which turns within a 
double interval helix stator, in a slightly eccentric motion. The pitch of the stator is twice 
that of the rotor and the movement of the two parts open and close a cavity which is passed 
from the suction to the delivery side of the pump. The rotor maintains a positive seal along 
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the length of the stator, and the seal progresses continuously through the pump, giving 
uniform positive displacement (little pulsation) J-51. Such pumps are typically used to pump 
highly viscous, shear sensitive materials, whilst achieving high flow rates and discharge 
pressures. However, one of the main disadvantages to running a progressive cavity pump is 
that it cannot be operated at extremely low flow rates, due to the high torques required to 
maintain the motion of the rotor and stator. 
Figure 3.3 Operational diagram: Progressive cavity pump. Arrow indicates flow direction. 
A peristaltic pump typically includes two, three or Iour bearing mounted rollers which 
rotate squeezing a flexible tube, inducing flow as it slides along the tube. As the roller 
compresses the tube driving the fluid before it, the tubing behind the roller returns to its 
original shape thus creating a vacuum, drawing in more fluid which in turn is driven 
forward by the next roller. Such action always results in pulsatile flow. Peristaltic pumps 
can provide sensitive flow control at extremely low flow rates, and are typically used to 
pump high viscosity, high solids content slurries. 
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Figure 3.4 Operational diagram: Peristaltic pump. Arrows indicate I'low direction. 
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An assessment of the available pumping technologies considering suitability, cost and 
reliability, concluded that a peristaltic pump should be installed on the slurry flow loop. A 
peristaltic pump is especially suited for this particular application due to its non-aggressive 
treatment of the suspension. With the study investigating the influence of aggregates on the 
minimum transport velocities and turbulence properties of colloidal suspensions, a view 
was taken that a centrifugal pump which could have been installed to operate at low flow 
rates, would most likely result in aggregate break-up through the pump housing, leading to 
a misrepresentation of the degree of aggregation. A 620 SN/RE (Watson-Marlow, UK), 
with a 17mm Marprene TM tubing element provided flow velocities up to 0.42ms-1 (Re = 
11000) in full bore applications. 
3.1.4 Feed Tank Desipn 
Tank volume; impeller size, type and quantity; baffle size and quantity, and motor size are 
all to be considered in the design of the feed tank. In an open re circulating slurry loop the 
feed tank provides sufficient time for dispersion of the solids, ensuring a homogenous feed 
to the test loop. 
The volume of the tank is determined by the volume of the slurry loop (absolute minimum 
volume) plus a mixing volume and a safety factor. The mixing volume is based upon the 
required residency time in the tank, which for this particular application was chosen to be 
90 seconds under maximum operating conditions, and a safety factor of 150-200mm above 
the fluid level. A 55 litre feed tank, with a height to diameter ratio of 1.25 was suitably 
designed for the application. 
An axial flow JP3 impeller with a 0.28 ratio (impeller: tank diameter) was chosen for this 
particular application. The axial flow impeller draws fluid into the impeller from above, 
before discharging the fluid towards the base of the tank and the liquid surface. 
Using Zweiterings' theory [61 , the impeller speed required to just suspend the particles 
(no 
particle stationary on the vessel base for longer than I-2 seconds) can be calculated. The 
theory is described by: 
0.2.0.45. XO. 13 0.85 Njs = S. vo-'. dp lg(APIPL)l ID [3.11 
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where S=6.8, a dimensionless parameter based on the system geometry, X is equal to 
loo X 
SolidMass 
D corresponds to the impeller diameter, g is the gravitational constant, Liquid MaSS 
Ap is the density difference between the solid and liquid mediums, PL is the fluid density 
and j is the kinematic viscosity. Based on a three blade axial impeller with a solid mass to 
liquid loading ratio of 0.25, the minimum rotational speed is calculated to be 6 revolutions 
per second. The dimensionless power number can then be applied to calculate the power 
requirement of the agitator motor. The dimensionless power number (Po) is defined as: 
Po =p 
pM. Nj3S. Ds 
[3.21 
with p,, taken as 1000 k g/M 3, Njs = 6, D=0.112 m, the minimum power requirement of the 
agitator motor is then calculated to be 5W, when Po = 0.67 [71 . However, to 
induce 
turbulent flow conditions throughout the mixing vessel and to account for mechanical 
inefficiencies, a 0.25 kW DT agitator (Chemineer, UK) was installed. To prevent the build 
of a vortex in the mixing tank, a standard baffled configuration was used. Four equally 
spaced vertical baffles with lengths equal to the straight side of the tank, widths equal to 
one-twelfth of the tank diameter and offset to one-sixth of the baffle width from the tank 
wall were installed. 
0.4 
055 
1 
Figure 3.5 Feed tank dimensions. Units (m) 
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3.2 Instrumentation 
The onset of' particle I-C-SLISPCIISiOli/deposition can bc identilled using a \arietý ol' 
tcchniques SLICh as, ViSUal assessment 181. measurement ()I' the h\draulic gradient. 
condLlCtiVltý' nicasurcments l')I. voltage measurenictits in an applied transverse flield 
1'''l "Id 
electrical resistance tonimm-aphy. All these techniques call J)"OVide ' (l('JhL'tI\c 
assessment of the I'lo" rcgirne. I Io\\ever, in order to quantitatively zissess the 110\ý, s"ch 
tcchniques need to be combined with a measured t1ow rate. 
3.2.1 Flow Meter 
Hicre are a wide variety of' flow meters, IMISS Or VOILInietric, invasive or noll-lnvasiýc. 
which provide a range of'operating, specifications. I Io\\evcr, many ol'the options available 
I'M gas and liquid flows are not suitable I'm slurrý applications. W'Ith many Invasive 
nicasurcrimit techniques. the flow P., sqUeC/Cd thrOL1,111 a 1-mc clearance oI' knoMi 
dimensions to c1cm-minc the Ilo\\ rate. With suspension llo\\, blockage and crosion ol'thc 
flow channel gcometry can reSLIIt 11) Significant 111casurcillent errors. HICI-C1,01-C, 0111ý lmn- 
invasive techniques are considered suitable 101- the SILIIT\ 11Mý 1001). 
Eleciromagne6c. flow mocr (EAfF). - the working principIc ofthe llo\\ micler uses 
Faraday's law ofelectromaimictic induction. Faradaý's la\\ states that \\hcn a conductor of 
length / moves through a magnetic field ol'a given Ilux density B, a voltaoc c is produced ýN 
in the conductor that is dependent on the relative vclocities v' bcmecii the conductor and 
the ficid, such that: 
Blv' 
z 
Sensors 
held 
x 
Flow 
13.31 
Figure 3.6 Sensors arrangement in an Fiectromagnetic flow meter 
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Figure 3.6 illustrates the working principle of an EMF. A magnetic field is generated in a 
plane that is perpendicular to the liquid (conductor) flow, and two sensors placed 
diametrically opposite one another on the same pipe section. As the conductive fluid flows 
down the longitudinal axis of the flow meter, the voltage induced in the liquid, is mutually 
perpendicular to both the velocity of the liquid and the magnetic field. Because the 
magnetic flux and the length of the conductor have fixed values, the magnitude of the 
induced voltage is directly proportional to the velocity of the liquid. With the sensors 
connected to an external circuit, the induced voltage causes a current i to flow which can 
then be converted into a flow rate. 
Utilising a non-intrusive technique, with no moving parts and a choice of suitable liners 
(ceramics, fibreglass, neoprene) that enable the use of such an instrument in both chemical 
and physical testing environments, EMF's are extremely suited to slurry flow applications. 
Such instruments can typically operate from 0.04 to tens of thousands of litres per minute, 
depending upon the orifice size. The conductivity of the fluid should typically be greater 
than 0.05gS/cm to induce a measurable voltage. 
Coriolis massflow meter. A mass flowratc is determined through interpretation of a 
phase shift in the oscillating frequency of a tube loop. When empty, the tube is oscillated at 
its resonance frequency by a magnetic driver. As the slurry enters the tube, the harmonic 
vibrations impart an angular motion to the fluid, thus exerting a Coriolis force on the tube 
wall. The force causes the tube loop to twist with a bending moment M that is dependent 
upon; the angular rotation velocity co, the tube loop radius r, the half loop length I and the 
mass flow rate m where: 
4corl'm [3.41 
Typical operating conditions enable measurements to be made up to 9000 kgmin", with the 
instrument accuracy independent of the slurry properties and flow regime. One of the main 
disadvantages associated with mass flow meters is that the fluid velocity can only be 
determined indirectly through combining the reading with an on-line density measurement. 
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Flow 
Figure 3.7 Coriolis niass flow meter sensor tubc. Figure adapted from reference 11 11 
Cross correlalion Incler. - At least two sensors are sct at a known distance apart 
along the length ofthe pipeline. The sensors may detect changes in electrical conductivO. 
- The Orne of passage 01, Inclikid"", capacitance, or transmitted/reflected ultrasound 11". 
eddies in turbulent flow between two , sensors enable", the average flov, Velocity to he 
calculated. Tlic use of these techniques In Industrial or research applications has hcell 
limited dLIC to the high instrument costs, a direct result ol'the complexity ofthis approach. 
1111rasonic. flow incier. - Refer to chaptcr 4 Materials and Mcthods lor measurellic"t 
principle. 
Through assessment ol'the available technology, a KROI INF, 0111 IFIJ A 5100c magnetic 
inductive flow meter (KROI INFI' Ltd., Germany) was installed on the pipe loop. A 61nin 
measurement bore with a I'Lised ceramic lining and platinum electrodes gives l1o\\ rate 
readings Lip to TS x 10-lin'lir'. The flo" meter is installed vertically to reduce the risk of' 
solids deposition on one ot'the electrodes and to avoid inaccuracies caus'ed by asymmetric 
velocity profiles. The instrument accuracy supplied by the manul'acturer is \Ohni 1 0.2% 
10-2 1.1 over the range 3.0 x rn'hrl to 6.1 x 10-1 Fhe calibration confirmcd 
through measuring the displaced volurne as a Function ol'tirne. 
3.2.2 Pressure / 'I'emr)ci, atLll'e Sensors 
Flush diaphragin presSUre sensors were installed oil the pipe loop to provide information on 
the SlUrry 11o", regime. and to assist the carly detection of pipe blocki -1 -) 11 ý7,. 1 )MI, ,, I -P 
sensors (impress Sensors & Systems, UK) use Straill gauges Integrated mthill tile 
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corrugated diaphragm to monitor the displacement of the element under loading. The 
sensors were individually calibrated up to 6 BarG, with a full scale deflection error of ± 
0.35%. Two K-Type thermocouples (Cole-Parmer, USA) were installed on the pipe loop to 
monitor the slurry and atmospheric temperatures. Data was recorded using a TC-08 
thermocouple data logger (Pico Technology Ltd., USA). 
The 4-2OmA output signal from both the pressure sensors and the flow meter were 
converted into the desired measured variables using scaling factors. An ADC-24 converter 
(Pico Technology Ltd., USA) provided up to 16 single-ended input channels. 
3.3 Exnerimental Procedure 
Slurries were prepared in 40 litre batches. The experimental programme was separated into 
a low and high solids concentration study. Three slurries, IM KN039 10-4 M KN03 and 10- 
4M KCI were initially prepared to a solids concentration of around 6% by volume for the 
low concentration study, and 12% by volume for the high concentration study. The in-situ 
solids concentration for each experiment was determined through oven drying a one litre 
sample of slurry collected from the pipe loop discharge. All slurries were prepared 24 
hours in advance of the pipe loop study, with the slurry pH monitored and adjusted to pl-I 6 
using 5M complementary analytical grade acids (HN03 and HCI) and base (KOH). A 
paddle mixer was used to periodically agitate and disperse the solids in suspension prior to 
the slurry being transferred to the feed vessel. For all experiments, the impeller speed was 
set at 10 rev s"I. 
3.3.1 Sediment Bed Re-suspension and Minimum Transport Velocity Determination 
Initially, the slurry was continuously circulated in the pipe loop at a flow rate of 
approximately 3.6 X 10' m3 hr-1 for 15 minutes, with the bleed valve repeatedly opened to 
remove air from the pipe loop. The flow rate was then increased to 7X 10-1 m3 hC' for 5 
minutes to remove any sediment from the pipe invert, thus, developing a homogenous 
concentration profile. The flow rate was then immediately reduced to 0m3 hr-1, and the two 
isolation valves at either end of the inbound test section were closed to prevent any 
disturbances such as back flow which may influence the compaction properties of the 
sediment. The remaining slurry in the feed tank was then drained into a holding tank. 
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A suitable sedimentation period that enabled a consolidated hcd to lorm ýNas determined 
from lahoratory settling tests. Between each re-suspension experiment the sedimentation 
time Im a 10-" M and IM SlUrry was 24 11OUrs and ') hours respectively. Prior to cach 
experiment, the associated slurry in the holding tank ýus re-niobilised, pl I checked and 
then transt'erred to the Ieed vessel. 
Several volurnetric flow rates were chosen to investigate the re-suspension behaviour ol'the 
sediment, with the flow rates ranging 1rorn approximately 7x 10-2 to 7x 10 ' 
11-ir-1. MUltiple re-suspension experiments were completed to ensure that a 'good' lit in m L- 
the erosion rate versus slurry velocity data could be generated 1rom ý, vhich the 
transport velocity would then be determined. 
Fhe rotational speed of' the peristaltic pump was programmed prior to each experimcntal 
rUII to minunise the flow rate developrilel"It time Oil SWII-Up, the I-e-., 'IISPCIISIOII hChilviOur 01' 
the sediment bed was determined 1roin analysis ol'the image sequences collected using the 
PlV Set-LIP. 450 1rarries From tirric t0 provided iril'ormation on the sediment bed 
behaviour over the first 30 seconds of' flow. while it second and third SC(ILICIICC 
provided iril'ormation oil the level ol'sedinient bed crosion altcr 4 minutes and 9 minuics ol' 
Continuous flow. A thirty minute period where the flow rate is maintained at 
approximately 7x 10-'rn 3 hr' l'ollowed each expcriment to re-suspend any remaining, 
sediment. 
1 3.8 PIV coliccicd (IL11-ilh-I l'C-sU-, PCllIiOIl C\I)CI-inicilt", ýIlkmlllu- a k1ccrext: ill 111C Wdillmll bcd 
height with time a) t 10 seconds b) t 240 seconds 
Prior to initial SlUrry experiments ill KNO; electrolytes, and then the trallsitioll to the K( 
slurry, the pipe loop was cleaned ýOli a 2% Decon solution and then washed thl-OL11-1h 5 
times with de-ionised water. Fach wash included 25 litres of de-lonised water that \us 
circulated in the pipe loop Im I hour at a flow rate ol' 3.6 x 10-1mllit". I'lic \\, Isll \ýas 
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necessary to remove any dirt from the pipe loop before a colloidal suspension was 
introduced, as well as eliminating any issues associated with cross contamination when the 
electrolyte is changed from KN03 to KCI. 
By monitoring the sediment bed erosion rate with time as a function of the slurry flow 
velocity, it is possible to determine the minimum transport velocity of the colloidal 
suspensions. As previously mentioned in the introduction, and again to be discussed later 
in chapter 6 (see 6.4.2. ), the current approaches and techniques used to determine the 
minimum transport velocity of a slurry could not be applied in this study. The techniques 
generally lack the resolution to identify particle deposition. As will be outlined in chapter 
6, it is however possible to use the transition velocity (the flow velocity at the onset of 
sediment bed erosion) to determine the minimum transport velocity 
Colloidal forces are sensitive to temperature changes, with the electrical double layer force 
dependent on the thermal energy (H) of the particle (refer to chapter 2- section 2.3). The 
slurry and atmospheric temperatures were recorded during all experiments. Typically, the 
temperature varied between OXC and 0.2'C over a 10 minute period. For the re- 
suspension experiments, only the first 30 seconds of the bed erosion data was used in the 
study, therefore, the temperature change is considered negligible. For the turbulence 
intensity study, which is described below, each individual experiment at a given flowrate 
lasted 1.5 minutes. Therefore, only 3 experimental runs were completed before the pump 
was turned off for 10 minutes. This procedure prevented any significant temperature 
changes between data sets. 
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Figure 3.9 Atmospheric (o) and slurry (o) temperatures recorded during a typical re-suspension experiment. 
Solid line represents the slurry volumetric flowrate. 
3.3.2 Turbulence Experiments 
The ionic and the solids concentration effect on the suspension turbulence intensity in fully 
developed pipe flow was studied using UDVP. An ultrasonic probe positioned at 45' to the 
flow axis and submerged Imm into the flow stream was used to collect 512 velocity 
profiles over a 30 second period. Flow profiles were collected at different flow rates 
between 7.5 X 10-1 m3 hr" and 5x 10-2 M3 hr-1, with each measurement collected after I 
minute of steady-state flow. The suspension turbulence intensity was determined from the 
root-mean square values (u) of the strearnwise component of the flow, where the RMS is 
given as: 
l(U - U)2]0'5 [3.51 
where u is the instantaneous velocity and U the mean stream velocity. Subsequently the 
turbulence intensity is then determined by: 
ff 
[3.61 
where U is the depth-averaged streamwise velocity. 
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The inclusion of sections 3.3.1 and 3.3.2 in the current chapter is only to describe the 
operating procedures for the minimum transport velocity and turbulence intensity 
experiments. The measurement principles of the two techniques used (PIV and UDVP) and 
the measurement parameters for each experiment are described in detail in chapter 4. 
3.4 Conclusion 
This chapter has highlighted the design equations that were used to construct a flow loop 
suitable for studying the flow properties of colloidal suspensions. One of the main drivers 
in the design was the raw material cost. With a project budget, the rig had to be of 
sufficient size to allow for the main measurement techniques, PIV and UDVP to be used on 
the pipe loop, while also minimising the slurry volume to reduce raw material costs. Figure 
3.10 shows images of the slurry flow rig used in the current project. The black box is the 
laser shield for the PIV system which is used to illuminate the slurry during re-suspension 
experiments. The laser is mounted on a platform with a 90' optic guiding the laser sheet 
through the pipe. A camera is mounted on the traversing platform to collect the sediment 
height images during re-suspension. 
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Figure 3.10 Images of the 26mm NB pipe loop constructed for the colloid suspension flow experiments. 
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Chapter 4 
MATERIALS AND EXPERIMENTAL 
METHODS 
NOMENCLATURE 
C Speed of ultrasound in fluid 
D Diameter of active element 
D, Diameter of vane 
dp Diameter of particle 
d Distance from transducer 
E Elastic modulus 
F, Normal force 
Fy Friction force 
fo Transmitted frequency 
ýD 
i Doppler frequency shift from position i 
H Length of vane 
h Suspension height 
kB Boltzmann constant 
ky Lateral stiffness of cantilever 
k, Normal stiffness of cantilever 
N Characteristic length of near field region 
q2 Displacement of cantilever over time 
T Absolute temperature OK 
T' Maximum torsional moment 
I Cantilever thickness 
IP Time delay between transmitted and received signal 
UE Electrophoretic mobility 
UX Longitudinal velocity component 
U Longitudinal velocity vector 
V Poisson's ratio 
Vi Measured velocity vector 
Vi' Fluid velocity at distance i 
V Vertical velocity vector 
W Beam width 
Y Lateral displacement of cantilever 
Z Normal displacement of cantilever 
a Angle of inclination of ultrasonic probe 
a Radius of particle 
a '/2the angle between the two adjoining beams 
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C Dielectric constant 
K Debye-Huckel parameter 
P Dynamic viscosity 
Ty Yield stress 
0 Solids volume fraction 
Og', Solids volume fraction at suspension gel point 
Zeta potential 
ABREVIATIONS 
UDVP Ultrasonic Doppler velocity profiling 
PIV Particle imaging velocimetry 
AFM Atomic force microscope 
STM Scanning tunnelling microscopy 
LDV Laser Doppler velocimetry 
M3PALS Mixed Mode Measurement - Phase Analysis Light Scattering 
SFR Slow field reversal 
FFR Fast field reversal 
ERT Electrical resistance tomography 
NB Nominal bore 
Svnopsis 
Chapter 4 discusses the apparatus and experimental methods employed throughout this 
research to characterise the individual particles, suspensions and sediments, along with 
techniques such as ultrasonic Doppler velocity profiling (UDVP) and particle imaging 
velocimetry (PIV) which are used to study the minimum transport velocities and turbulence 
intensities of the colloidal silica suspensions. The material properties of the colloidal silica 
are summarised in section 1. Atomic force microscopy a technique used to study particle- 
particle interactions is reviewed in section 2; sedimentation and viscometer techniques for 
characterising the suspension and sediment bulk properties are described in section 3, and 
section 4 discusses the techniques employed on the pipe loop to study the flow and 
turbulence properties of the concentrated silica slurries. 
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4.1 Material 
An ultra high purity (> 99.5"/o SiO2). near niono-clisperse, silica sample CSP-113) ý\a. s 
obtained Crorn FLISO Chemical Co., Ltd. (Osaka, Japan). This silica sample had a densitN of' 
3 2.26g/c m (determined using a Micronici-Itics AccuPyc 13330 ilycnonietcr). in(] a nican 
particle diameter of' 0.79prn, nicaSUred using a centrilligal sedimentation particle si/c 
analyser supplied by CPS histrUillentS FUropc. 
Figure 4.0 Fuso silica particle size distribution 
All chemicals and other reagents were of' analytical grade and were supplied by Aldrich 
Chemical Company, Inc (United Kingdom). The silica particles \wre dispersed in cither 
KCI or KN03 (KIIr - chapter 5 only. see chapter synopsis Ior details) electrolyte solutions 
(IM or 10-4 M) and all pi I adjustments were rnadc using complementary acids (I NO,, I Wl 
and 1113r) and base (KOH). All \uter Used throut,,, hout this study ýkas Milli-O' grade \utcr 
with a condLlCtiVitV of approximately 0.05ps/cm. Silica dispersions \\ere either "ellik 
rotated or shaken flor 24 hours in advance ol'any measurements to achieve fUll equilibrium. 
LIIIICSS othemisc stated. 
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FigUre 4.1 Scannino clectron nilcrograph: Fuso silica 
4.2 Atomic Force Microscopy 
Atomic Force Microscopy was developed in the mid 1980s 111 to provide a level of 
sensitivity that would enable the measurement ofinteratornic forces, whilst o\, erconung the 
limitations associated with the more commonly applied technique - Scanning I L11111CIIIIII14 
Microscopy (STM). STM is a technique that \ýorks oil tile PI-111CIPIC 01' IIlCIS'LIrIII': I I 
Y Ing tunnelling current between two conducting surfaces, \ýith the current continualk be* - 
adjusted during the scan to maintain a constant applied voltage to the scanilim, tip. 
Consequently, the techniqUe is restricted to use with only conductive or scrni-coildLICtiVC 
samples. 
The AFM probe and sample may be constrUcted ol'almost any matcrial since it is the l'orce 
between the two that is being sensed. As a conseqUence most samples may be examined 
with this tcchnique. either in gases or in liqUids 12 -ý'- Dcvcloprncnt ol' tile technicluc has 
provided tile opportunity Im researchers to study a greater variety 01, sysien1s. assisting tile 
advanccrnent ol'knoMcdoc in colloid science. L, 
Classically. AFM IS Used as an imaging tool to study tile topography ol'surl'aces r1ol't doM, 
to tile atornic level. In their simplest form, AFM's consist ol' I probe and I scanner (see 
figurc 4-2). I'lic probe \\hich is located at tile 1ree end ol' a cantilever is broug, lit In to 
contact or close proximity mth the sample surface. The lorccs acting het\,, ccll the p'*0he 
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and the sample cause the cantilever to hend or twist. Such cantilever movement is detected 
by obscrving the position of a lascr bearn that has been rel1ccted off tile back of the 
cantilever via a mirror onto a photo-sensitive plioto-detcctoi-. The scanner '1110\\S 
movement ol'thc tip relative to a stationary sample surface in the \, y and / directions due to 
independently operated piezo electrodes. the scanner electrodes are usualk used in pairs 
on opposite sides of the scanner. so that the pic/. oelectric scanner rnmenient call he 
controlled in any direction. 
I'll of 0-scil , 
it'l\ C 
XY7 
piezoelectric 
scanner 
Figure 4.2 AIAI operation 
l'a ý, c[ ( Im c 
\1i 1-1-o 1. 
Calltilever 
stl 
bst ril le 
I'lobe 
Su hst ra Ic 
A Veeco Instruments (LISA). Bloscope" 11 AFM ýus used to invcstioatc tile normal and 
lateral I'Orces of interaction acting between a single silica microspliere and a Hat silica 
surl'ace (Silicon Valley Microelectronics Inc., USA). The silica surface is prepared by the 
controlled oxidation ofa silicon Nufler Lit 1000"C In a pUre oxygen environment, produciffi-I 
a surflace oxide layer of approximately 100nrn thick. DLIC to tile extreme diHICLIlly in 
mounting a 0.8prn sphere onto a tip-less cantilever, it was decided that I silica rillcrosplicre 
(/,, -- 29prn Duke Sclentific x0ich is prepare(] using a sol gel process (Fuso silica spheres 
prepared using sarne process) and heat treated to 750"C to reduce the silica porosity. ýNould 
instead provide a SUitable representation of' tile interaction florce acting hct\\cen t\\o silica 
surl'aces. The force interaction I the particle radius so that tile data is normalised hN, PS 
representative of the interaction 1`61-ce between t\w Fuso silica spheres. Measuring, tile 
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interaction force between two Fuso silica spheres is extremely dil'ficult LJSIIIýI, the Current 
approach. The florces measured provide in understanding of' the level oI' interaction 
between two partially hydrophobic silica surfaces (Fuso silica considered partially 
hydrophobic, readers are rel'erred to chapter 5 Cor more details). The data ShOLIld not be 
relied upon to provide exact values ol'the interaction l'orce between two Fuso silica splicres. 
The microsphere was mounted onto a wide-legged, V-shaped. lip-less silicon nitride 
cantilever (Veeco Instruments. USA) with a small quantity of' AraldIte, R . 
I'lle 3_ 
dimensional travcrsing staoc and the inverted optical inicroscope available oil the 
Moscopel" 11 were utilised in this \ýork \\hen preparing colloid probe,,. 
Figure 4.3 Colloid probe: 29pni silica sphere 
4.2.1 Calibration 
Accurate cantilever calibration is required to correctly intcrprct the OUtpUt Sl"llal fi-0111 IIIC 
split-photodiode sensor into a lorce. The detlection and twisting hehaviOUr 01' the 
cantilever is sensitive to the cantilever dimensions and its material properties. The normal 
force (F-) is detined hy I looke's IaNý using the cantilever dellection: 
Fz =-k,. z 14.01 
where. k- is the normal stilTness and :7 tile displacement ol'the cantilever's 1ree end 1'roll, tile 
equilibrium position. 
Fhe friction I'orcc is delined as tile product of' the lateral stifTness (k, ) and the lateral 
displacement (v) ofthe probe as it is scanned across tile sample surlace. 
Fy = ky y 14.11 
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Force spectroscopy was used to calculate the normal deflection sensitivity (nin/V) of' tile 
cantilever. Assuming that tile sample experiences no dcl'ormation \\hilst in constant 
compliance, then the deflection of' the cantilever equals the displacement of' the pie/o- 
actuator 161. Thus, the slope ot'the photodiode detector voltage can be used to determine the 
normal deflection sensitivity, assuming that tile motion of' the piczo-, ictllllt()I' PS' correctly 
calibrated. The normal stifTness of' tile cantilever is calculated from an analysis oF its 
171 "Ilch Cý -level - oscillation behaviour caused by simple thermal fluctuations ant I lll()ti()Il Call 
be described in terms ol'a simple harmonic oscillator with only one dqu'ree of' Crecdoni. Vile 
normal stilTriess can then be del ined as: 
Tk " 
ýq2) 
1-1.21 
where, T. kjj represents the ternperatUre elTect (T absolute temperature and A, /; Bolt/, Illann 
constant) and (q 2) gives the average displacement of' the cantilever over mile, \Ouch is 
related to tile oscillating mass and the resonant angular frcquencý ofthe cantilever 
The lateral sensitivity (nrn/V) of the cantilever was also estimated froin the raw voltage 
verSLIs distance data. Initially, static friction resists the lateral motion ol' tile probe over the 
sample surface, with the scanner rnoverricrit in the y direction (scan angle 0 degrecs) 
assisted by cantilever twist. The change in the photodiode detector voltage while the probe 
remains in a fixed position provides a sensible estimation flor the lateral sensitivity. The 
lateral sensitivitý ol'the cantilever was assessed as a I'UnCtiOn 01' 1101-111,11 load and solution 
chernistry. Within the range ofconditions assessed, the cantilever sensitivity appeared not 
to be significantly affected (see figure 4.4b). 
a 
5 
> 
C 
U 
Piezo Scan Distance (nm) 
1411 
E 120- 
100 r"I 
A 
W U) 
80- 
60- 
0 20 40 60 80 100 120 140 160 
Normal Load (nN) 
65 
Figure 4.4 a) Lateral force measurement showing the characteristic friction loop and the slope, S. fron) vOich 
the lateral sensitivity of the cantilever is determined (cantile%er twist under static friction condition,, ). h) 
I. aterai sensitivity as a Function ot'normal load. Symbols: trianule I NI KNO, circle 10 
'M KNOý, square 
10-'M K(T 
A theoretical method described by Neurneister & Ducker 's' \Nas used to calculate the lateral 
stIlTncss (kY) of' a V-shaped cantilever (figurc 4.5). To S1111phl'y the mathematical 
description of' the del'Ormation, Neurricister & Ducker treated the cantilever as tm) 
rectangular bearris and a triangular plate, applying ordinary heam and rod theory to 
determine the del'orniation of' the individual sections. The researchers validated their 
results against linite clement analysis. demonstrating excellent agreement as a I'Linction of 
d. 
E t3 II 
Og 
w+ Lcosa 
_ 
3sin2a ky = -. 
(- 
-- : J(l +V)112 tana dsina w8 
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1. .w sina 
II 
Figure 4.5 AFNI cantilever. Figure redrawn ret'crence ""' 
Table 4.0 AFM cantilever dimensions and properties used in equation 4.3. 
Symbol Definition Value Units 
E Elastic modulus 3.04E+ 11 N/ml 
Cantilever thickness 0.6 pm 
Poisson's ratio 0.24 
Particle diameter 29 pm 
Yý the angle between the two adjoining beams 24.9 0 
/I 
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W Beam width 34.8 PM 
L Distance from the clamping point to the intersection 113.5 PM 
of the inner edges of the two beams 
d Distance from the probelcantilever contact point to 10.3 PM 
the intersection of the outer edges of the two beams 
Table 4.1 provides a summary of the stiffness constants of the V-shaped cantilever used in 
the present study to provide quantitative normal and friction force data. 
Table 4.1 Normal and lateral sensitivity and stiffness constants for the V-shaped cantilever used in the present 
study. 
Normal Lateral 
Sensitivity (nmM 
Stiffness (N/m) 
31.77 
0.48 
101.11 
4.54 
4.2.2 Force Measurement (Normal) 
Force spectroscopy is a method widely employed to study tip-sample interaction forces and 
adhesion forces as the cantilever and surface approach and separate from one another. 
Figure 4.6 considers the simplest case, with two elastic solids displaying an adhesive 
interaction. The scanner is initially positioned at a, a distance far away from the sample 
surface such that no probe-sample interaction occurs and the cantilever shows no 
deflections from the baseline. The scanner is then extended in the z direction reducing the 
probe-sample gap (x and y voltages remain constant). At position b, attractive forces 
between the probe and the sample cause the cantilever to bend slightly towards the surface, 
before the probe jumps onto the surface due to the attractive forces exceeding the cantilever 
spring constant. Extending the scanner further the cantilever is deflected back through its 
original position (zero-line) as a result of compressive loading, position c. This region is 
characterised by a diagonal line and is referred to as the region of 'constant compliance' 
(contact-line). Once the scanner has extended a preset distance its motion is reversed and it 
retracts away from the surface unloading the cantilever. If the contact is adhesive, the 
cantilever will deform as the piezo-actuator retracts the surface. At a given point the elastic 
strain energy in the cantilever exceeds the adhesion, and the probe snaps out of contact 
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from the surface. The scanner continues to retract to its initial set point ýOcrc the 
cantilever shows no deflection. 
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Figure 4.6 Normal force curve illustrating the probe-substrate interaction. Arrows indicatc the advancill-L', ',, "d 
retracting traces. 
4.2.3 Force Measurement (Lateral) 
Lateral florce microscopy involves scanning the probe back and I'Orth perpend icil lar to tile 
long axis of' tile cantilever, ý, \, hile the probe is pressed against the sm-Lice \ý ith a constant 
applied load. As tile scanner moves the probe over tile surl'ace, 1riction Iorces prevent tile 
Ike motion of' the cantilever which compensates flor this by twisting. Initially. static 
1'riction between tile two surlaces resists the shear lorcc, causing the cantilever to twist in 
the direction to k0ich tile scanner is moving. Further movement ofthe scanner increases 
the elastic strain energy in the cantilever to the point where it eventually exceeds the static 
l'orce initiating movement of' the probe over the surlace. Free motion of' the cantilever is 
then prevented by a much smaller dynamic florce, Nvith tile probe movement charactcrised 
by 'stick-slip' behaviour. Once the scanner has travelled the preset distance it then 
reverses its direction (retrace) to complete tile friction loop. Figure 4.7 sho\ýs a typical 
friction loop with the lateral dellection in volts (a result ol*the repositioning ofthe rcilected 
light beam oil' the back of' the cantilever onto a photo-sensitive photo-cictector). plotted 
against the scan distance in nanornetres. 
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Figure 4.7 Friction loop 
4.2.4 Experimental Procedure 
The silica substrate underwent a rigorous cleaning procedure with, in sequence, a 2% 
Decon solution wash, a Milli-QID water rinse, drying in a clean nitrogen stream and finally 
exposure to UV-ozone to remove any impurities from the surface, while the colloidal probe 
was exposed to UV-ozone. The substrate (I cm 2) was mounted in the centre of a plastic petri 
dish with a non-water soluble adhesive. The petri dish is secured to the BioScopeTM 11 
baseplate by the liquid sample holder, with the inlet and outlet ports of the holder connected 
to a small peristaltic pump (Materflex C/L, Cole Parmer, USA) to allow for fluid exchange. 
The cantilever is secured in the probe holder by a small spring loaded clip before the holder 
is positioned onto the z-scanner mount of the BioScopeTM Il head. The head is then 
lowered onto the mountings of the BioScopeTM 11 EasyAlign module with the probe 
completely submerged in the sample fluid. The laser positioning controls are then used to 
locate the laser spot onto the tip of the cantilever, before using the x and y positioning 
controls to maximise the SUM signal (reflected energy from the cantilever), which 
indicates that the laser spot is "well" centred on the cantilever and will provide optimum 
sensitivity to any cantilever deflection. The y voltage is then offset to -2V compared to the 
deflection set point of OV, which compensates for any disturbances associated with 
mechanical vibration or thermal oscillation experienced by the cantilever during 
engagement, that may result in a false feedback signal. The BioscopeTM 11 head is then 
mounted onto the baseplate encasing the liquid sample holder. The probe, fully submerged 
in the sample media is then subject to an equilibration period of 30, minutes before 
engagement with the substrate. Once the probe and substrate are in-contact (engaged) the 
69 
normal force of interaction is measured using the PicoForce(& application, and the lateral 
force is measured using the scanning function of the diNanoscope(& software v7.0. 
All normal force interactions were completed within one experimental campaign, with the 
probe being withdrawn from the substrate during fluid transfer. Initially, force curves in 
pH 6 Milli-QQD water were collected and validated against existing data to ensure that the 
interaction forces were reasonable and not influenced by surface contaminants. A pli 6 10- 
4M KN03 solution is then introduced into the fluid cell and a significant number (100-200) 
of force curves collected in a variety of different locations to enable statistical analysis of 
the data. A water wash was then completed for 30 minutes before introducing the pH6 IM 
KN03 solution. A second water wash of 2 hours was required to remove any impurities in 
the fluid cell associated with the IM KN03 solution. Several water force curves were then 
obtained and validated once again against existing force curves collected in water, before 
introducing the final solution, pH 6 104M KCI. A summary of the measurement parameters 
is provided in Table 4.2. 
Table 4.2 Measurement parameters - Normal force 
Ramp size 250nm 
Scan rate lHz 
Samples 512 
Using the same methodology and validation procedures described above, all friction 
experiments were completed within one experimental campaign. A summary of the 
measurement parameters is provided in Table 4.3. Images of the cantilever were taken 
before and after each experimental campaign to ensure the colloid probe had not been 
removed from the cantilever surface. 
Table 4.3 Measurement parameters - Lateral force 
Integral gain 0.75F 
Proportional gain 0.733 
Scan angle 00 
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Scan rate lHz 
Scan size 500nm 
It should be noted that the cleaning procedure used on the colloid probe and silica substrate 
before measurement of the force interaction cannot be applied to the raw material used in 
the pipe loop studies Cleaning of the two surfaces removes any contamination, thus 
enabling the collection of repeatable and reliable data. It is then possible to relate the 
measured interaction force to the particle / aggregate structures which are observed in the 
suspensions. 
Atomic force microscopy is a very sensitive tool to measure the nano forces present 
between surfaces. Contamination of either surface can result in extended pull-off profiles, 
multiple contact points and increased or decreased levels of adhesion. it is most probable 
that dirt between the two contacting surfaces will lead to significant variation in the 
approach and retraction curves. Dirt in the pipe loop suspensions will only affect a small 
percentage of the total number of interactions. For example, figure 4.8 below shows the 
size and shape of particles dispersed in aI 04M KN03 electrolyte (figure 4.8a - interaction 
remains purely repulsive) and a IM KN03 electrolyte (figure - 
4.8b - strong attraction 
potential) suspension. Ina 10-4 M electrolyte, the interaction force between the two surfaces 
is measured as being purely repulsive (see chapter 5) and one would therefore expect all 
particles to remain dispersed. However, the image below (figure 4.8a) shows that there-are 
small number of doublets and triplets in the suspension which is most likely a result of dirt 
on the silica surface. Even though the cleaning procedure could not be applied to the raw 
material, small traces of dirt in the suspension does not appear to alter the vast majority of 
interactions, and can therefore be considered to have negligible affect in the pipe loop 
studies. Such behaviour is also supported by the zeta potential data in chapter 5 which 
shows that the silica surfaces are clean and not significantly contaminated by dirt; the iso- 
electric point for the silica in the absence of any specific ion absorption is measured in the 
region of pH 2-3 E9-103. 
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Figure 4.8 Particle images collected using a Sýsmcx particle si/ci. a) I k1m) "IlIca klI"pCI-, Cd 111 10 M K\()" h) 
Fuso silica dispersed in I k1l KNO, 
4.3 /eta Potential 
I lartic Ie surl'ace charge ý\ as nieaSLII-Cd LIS[ 110 a Ma I vern I nstrunients ( (I K) /etasizer N at I o. 
Brieffi, the suspension \\ithin a measurement cell is excited b\ in electric field Cor a lonu, 
enough period to initiate particle movement, I process called electrophoresis. The motion 
of' the particles is then tracked Lising Laser Doppler Velocinictry (H)V) to determine the 
mobility ol'the particles. The mobility is then substituted into the I lenry equation (equatiol, 
4.4) to CIICLIIate the zeta potential. For the systems under in\c. stigation, a value of' 1.5 \\as 
used to define the I lenr\ I'Linction 1011. ftw') based oil Srnolucho\ý ski's appromniati 
UE = 
(ýLý) f (Ka') 
: 311 
14.41 
where ul, - is the electrophoretic mobility. v the dielectric constant. p the fluid viscosity and (ý- 
the zeta potential. 
The Zetasizer Nano encompasses a technique called M3-11AP, (Mixed Mode Memirenicnt 
-- Phase Analysis Light Scattering) that enables the mobilit\ measurement to be completcd 
at any position \\ithin the measurement cell, overcoming aný issues associated \\ith c1cctro- 
osmosis. I'lectro-osmosis is a term given to describe liLlUid flow that is initiated bý the 
movcment ofions under the influence ofan applied field. Fhe true electrophoretic n1obilit\ 
ol'a particle is at a position \,,,, Iiei*e tlle"e is no net liquid tlo\ý. In a closed cell -geometr\- 
movement of Iluid near the cell walls is replaced by retUI'I1III. i-' 11LIld dOM1 the CCIIII'C Oftl1C 
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cell. At a given position from the cell wall the two opposing flows produce a region of no 
flow, termed the stationary layer, where the electro-osmotic effect is nullified. 
The M3 technology can eliminate the effect of electro-osmosis through a combination of 
reversing the applied electric field slowly (Slow Field Reversal - SFR) and rapidly (Fast 
Field Reversal -FFR). The FFR technique enables the particles to reach terminal migration 
velocity, while the fluid flow due to electro-osmosis is negligible. The technique produces 
reliable mean values, however, due to the short sampling period the resolution of the 
distribution is reduced. SFR which is sampled over a longer time period improves the 
resolution of the distribution, however, because of the longer sampling period the results 
are affected by electro-osmosis. The two techniques are combined to provide a mean 
(FFR) and distributed (SFR signal normalised to remove electro-osmotic effects) analysis 
of the zeta potential. 
The PALS technology improves upon the sensitivity of the measurement compared to the 
traditional frequency shift analysis. A laser beam is split using a beam splitter with one of 
the beams reflected off a fixed mirror and the second off an oscillating mirror to produce a 
reference frequency. The beams are made to cross at the centre of the measurement cell 
creating alternating bands of high and low intensity illumination. As the particles pass 
through the high and low illumination bands the amount of light scattered fluctuates 
accordingly. The frequency of the scattered light is then compared to the frequency of the 
reference beam, and the phase shift analysed to determine the particle mobility rate. 
4.3.1 Experimental Procedure 
Silica suspensions were prepared to a concentration of 1000ppm to optimise the scattering 
intensity of the incident light beam (count rate greater than 20kcps, and zeta potential 
independent of concentration). All zeta potential measurements were made using the MPT- 
2 Autotitrator, with the pH of the suspension being adjusted from basic to acidic conditions 
using O. IM and 0.01M complementary acids (HCI and HN03). The pH range of the 
measurement was a function of the electrolyte concentration, maintaining less than a 10% 
change in the ionic concentration of the solution. 
The titration module and measurement cell were rigorously cleaned using 2% Decon and 
Milli-QV water. To assess the sensitivity and purity of the measurement cell, a zeta 
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potential transfer standard is measured to ensure that the recorded zeta potential is -5OmV ± 
5mV. 15ml of the suspension is then transferred to the sample container with a magnetic 
stirrer in the base to prevent particle sedimentation. The measurement cell is then filled 
using the peristaltic pump within the titration module ensuring that no air bubbles are 
present in the system. Operating procedures were then selected within the Dispersion 
Technology Software (Malvern Instruments, UK). 
4.4 Shear Yield Stress 
A HB DV-11+ viscometer supplied by Brookfield Engineering Laboratories (USA) was 
used to study the shear yield stress of consolidated sediments. The apparatus measures the 
torque required to rotate an immersed element (vane) in a fluid. As the fluid resists the free 
motion of the vane (driven by a dc motor), a torsional moment acts on the vane introducing 
a phase shift between the angular position of the vane and the motor. The degree of off-set 
is interpreted as a value of torque. 
A theory developed by Nguyen Quoc and Boger [11] was used to determine the shear yield 
stress of a material measured using the vane technique. To simplify the mathematical 
approach, the researchers assumed that the vane was to be considered as a cylinder of the 
same geometrical dimensions. Thus, the total torque acting on the element was a result of 
shearing at the cylinder wall and at the two end surfaces. For a small-diameter cylindrical 
element, a further assumption considered that the shear stress at the two end surfaces was 
uniformly distributed, and equal to the shear stress at the cylinder wall. In addition, it was 
considered that the shear stress at the cylinder wall is equal to the material yield stress at 
the maximum torsional moment. The yield stress (Ty) is thus defined as: 
T, 
Ty = tyr. DV2 H 
k77 "*(FV-+13)) 
14.51 
where, T' is the maximum torsional moment; D, the vane diameter and H the vane length. 
4.4.1 Experimental Procedure 
Suspensions (I M KN03,10-4M KN03 or 10-4 M KCI) were prepared to 12% by volume at 
pH 6 and tumbled gently for 48 hours. Initial experiments had shown that the suspension 
pH remained stable over a period of 10 days. Therefore, it is assumed that there is no pH 
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drift during the experiment. After 48 hours the slurry is transferred to a 250ml glass beaker 
(d: 60mm, h: I 10mm), sealed with parafilm and left undisturbed for 7 days to form a fully 
consolidated sediment bed. Before the vane tool is attached to the viscometer, the 
instrument is calibrated and the sample beaker clamped in position. The vane tool is then 
attached to the viscometer and lowered gently to a known distance 
i 
above the beaker base 6 
to eliminate end effects. Wall effects were assumed negligible due to the significant 
dimensional variation between the vane tool and the sample beaker. A standard operating 
procedure was created in the application software (Rheocalc v3.0) to record the torque as a 
function of constant spindle rotation (0.5rpm) over 120 seconds. Suitable vane tool 
geometries were chosen to ensure that the maximum torque recorded exceeded the 10% 
threshold (significant relative error), while not exceeding 100% torque. The torque is then 
converted into an energy, dyne-cm, with the maximum torque of a HB viscometer equal to 
57,496 dyne-cm. Experimental repeats were completed through re-dispersing the 
compacted sediment, before following the same procedure as described above. 
Table 4.4 Vane tool dimensions 
V72 V73 
Diameter (cm) 2.167 1.267 
Length (cm) 4.338 2.535 
4.5 Sedimentation and Sediment Packinji 
4.5.1 Gravity Settling -visual assessment 
The settling velocity of a suspension was determined through plotting the interface height 
between the suspension and the supernatant as a function of time. The interface height was 
recorded through visual assessment with the measurement intervals suitably chosen to 
account for the varying sedimentation rates observed. Data points were collected until the 
interface height remained unchanged over a minimum period of 20 hours. For suspension 
preparation see 4.5.3 Gel point. 
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4.5.2 Centrifuge Settling - LUMiFugeg 
Due to errors associated with visual measurements, a more sensitive approach to determine 
the sedimentation velocities was made using a LUMiFugeg 114 stability analyser. The 
technique involves recording the light transmission (880 nm wavelength) through the 
measurement cell at set time intervals. A suitable transmission threshold is chosen (clear 
separation between profiles) from which information on the time interval and radial 
position at which the transmission threshold is sensed by each radial photo detector can 
then be interpreted as an interface versus time profile. The sedimentation velocity is then 
determined from the constant gradient proportion of the sediment height profile. 
Samples were prepared to 0.5% by volume which maximised the optical sensitivity of the 
system. Polycarbonate measurement cells were filled with approximately Iml of 
suspension, secured in the centrifuge and rotated at 300rpm (eleven times the force of 
gravity), recording a transmission profile every 10 seconds for 254 cycles. 
4.5.3 Gel Point 
The packing characteristics of a sediment bed can be suitably described by the gel point. 
The gel point can be thought of as the solids concentration of a networked suspension in the 
absence of any compressive force, or the minimum volume fraction needed to create an 
inter-connected network. The gel point is determined from the 
d(OO. hO) 
gradient 
(121 
where, d(hw) 
0 is the solids volume fraction and h the suspension height. Subscripts o and , represent 
initial and final conditions respectively. 
-- 
d(Oo. ho) 09el : 
d(hoo) [4.6] 
12% by volume suspensions at pH 6 were prepared in the electrolytes of interest and 
tumbled for 48 hours. The suspensions were then poured into 150ml measuring cylinders 
to five different suspension heights between the range of 50mm and 250mm. Different 
suspension heights allow for the solids volume fraction of a bed to be determined in the 
absence of any consolidation pressure (gel point). For example, during sedimentation a bed 
will form with a varying sediment density, increasing from the minimum bed density at the 
surface to the maximum bed density at the base of the sedimentation column. The 
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densification of the sediment is a result of the static, bed load stress exceeding the 
compressive yield strength of the network (see chapter 5). In order to determine the 
suspension gel point which is a function of the particle-particle interaction and not the 
degree of sediment bed consolidation, the final sediment heights under different 
consolidation pressures are measured once the bed has fully consolidated (approximately 
20 hours), with the gel point determined from equation 4.6. 
4.6 Ultrasonic Doppler Velocity Profiling 
Ultrasonic Doppler velocity profiling is a technique that has been widely used over the last 
20 years to study the flow properties of opaque fluids 113,161 . An 
instantaneous velocity 
profile can be measured through detecting the Doppler shift frequency of echoed ultrasound 
as a function of time. A small piezoelectric transducer (typically 5mm in diameter) which 
emits and ultrasonic pulse is placed at an angle of inclination (a) to the now direction to 
ensure a velocity component in the direction of the measurement line. The transmitted 
pulse interferes with the seeding (particles) in the fluid, scattering the energy which is then 
received as an echo by the transducer after a time delay. The position along the 
measurement line from where the echo is received is defined as: 
c. t' 
2 [4.71 
where, d is given as the measurement distance from the transducer; c the speed of 
ultrasound in the liquid and I'the time delay between the transmitted and received signal. 
The frequency of the echoed signal scattered from a particle that is travelling with a non- 
zero velocity is Doppler shifted. The received signal is then filtered to remove any 
frequencies that may have resulted from background noise, before comparison with the 
transmitted frequency to determine the velocity. At a specific measurement distance 
(equation 4.7), assuming that the seeding particles exhibit negligible phase slip with the 
fluid, the velocity at a distance i (Vi) is then defined as: 
cf D vi 
2. cosa. fo 1 
[4.81 
where, a is the angle of inclination of the ultrasonic probe to the flow direction; fo the 
transmitted frequency andfiv the Doppler frequency shift from position i. Both the distance 
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and velocitý coiliponents are coinhiiied to prodLice a \ýLýlocitý, proilic alom, tile nicastireilient 
axis. 
With the probe positioned at 45" to the llmý, it is necessary to resolve the longitudinal and 
the vertical flow components. In a pipe flo\\ it is sometimes reasonable to assume that 
I/silia >> mosa 1171. Thcref'Ore, only the longitudinal Component is to he resolved and i" 
given by: 
Ux = 
V, 
silla 
z- 
v 
Ct : Flow Direction 
u 
vi 
FigUre 4.9 Transducer position through the pipe wall 
Measurements made in a sediment free tlmý at Re 3790 LISillg PaI'tIClC IIIIZI17'11112 
velocimetrý confirined the assumption that the vertical How component In turbulence Is 
negligible when compared to the longitudinal 11o\\ component. Figure 4.10 silo\\ s both the 
lonoitudinal and vertical velocity components. The vertical velocity component accounts 
l'or less than I% ofthe total 11o" velocity. 
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Figure 4.10 u velocity component and v velocity component for a sediment free flow (Re = 3780). Data 
collected using PIV. 
4.6.1 Ultrasonic Transducer 
The transducer acts as a 'source and sink' of ultrasonic energy. A thin piezo element 
transforms a high-frequency electrical signal into a high frequency mechanical vibration, 
generating longitudinal waves which propagate through the sample media. The sound field 
can be divided into "near field" and "far field" regions (see figure 4.11), with the transition 
taking place at a position where the pressure fluctuation is observed to pass through its final 
maxima. The "near field" region is characterised by chaotic pressure fluctuations that can 
interfere with both the flow trajectories of colloid particles as they pass through the 
measurement region [181 , and the propagating sound beam itself (signal: noise). This region 
is described as the 'focusing region' or near field length of the signal, and has a 
characteristic length (N) of- 
Df 2' 
4c 
where, D is the active element diameter. 
[4.9] 
The "far field" region is characterised by a diverging sound beam at a constant angle for a 
given pressure amplitude drop. In this region the signal: noise ratio can be assumed 
insignificant, while the trajectories of the transported particles go un-affected by the ever 
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decreasing acoustic pressure. This repon is described as the 'ineasurenicnt rcgion*. mill L, - 
the intensitY of the ultrasonic hcam deci-casing with an associated inci-case in thc beam 
divergence, thus reducing the spatial rcsolution ol'the measurement. 
Figure 4.11 Transducer sound field. Figure redrawn from rel'emice I "'I 
As the ultrasonic wave propapates alono the measurement axis, the mode r-I In 
transibri-ned as the energy is absorbed/scattcred in the IIIC(IILIIII or rellected/refracted at an 
intcrilace. The resulting intensity ofthe rellected signal can be s1pnificantly lo\\er than tile 
transmitted signal. Between each PLIISe the transducer reverses into a scnsorý mode \\here 
the transducer generates an electrical signal that is proportional to the mechanical vibration 
ofthe active element \Nhich is excited by the reflected wave. The siprial is then translated 
into an axial position and a fluid velocity. 
Table 4.5 provides a summary ol' the I JDVP sct-up parameters used to IIICaSLIrC the 11ONk 
properties of' the suspensions at lo\\ and high concentrations (6%0 and 12'! ýO hy VOILIIIIC) 
\, vithin the velocity range being assessed (0.03) to 0.4 ms-1 ). 
N ear ficid I al field 
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Table 4.5 UDVP measurement parameters 
Parameter Low Concentration High Concentration 
Number of channels 94 94 
Channel distance 0.37 (mm) 0.37 (mm) 
Channel width 0.37 (mm) 0.93 (mm) 
Measurement window Start - 4.81 (mm) Start -4.81 (mm) 
End - 39.22 (mm) End - 39.22 (mm) 
Sound speed (water) 1480 (m/s) 1480 (m/s) 
Maximum measurable depth: 
Low flow 270 (mm) 270 (mm) 
High flow 110 (mm) 110 (mm) 
Measurable on-axis velocity range: 
Low flow -250 <x >250 (mmls) -250< x> 250 (mm/s) 
High flow -620 <x> 620 (mm/s) -620 <x> 620 (mm/s) 
On-axis velocity resolution: 
Low flow 2 (mm/s) 2 (mm/s) 
High flow 5 (mmls) 5 (mm/s) 
Pulse rate: 
Low flow 2.7 (kHz) 2.7 (kHz) 
High flow 6.7 (kHz) 6.7 (kHz) 
Probe angle 45(o) 45(o) 
Signal frequency 4 (MHz) 4 (MHz) 
Cycles per pulse: 2 5 
Repetitions 256 256 
Noise level 4 4 
Ultrasonic voltage 30 (V) 30 M 
RF Gain Start -3 Start -3 
End-6 End-6 
For low concentration studies the measurement volume depth (channel width) is equal to 
the channel distance (distance between centres of two adjacent measurement volumes), 
resulting in a series of velocity bins with no overlap. However, at a higher solid 
concentration the received echo versus spatial resolution ratio for the measurement is 
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significantly reduced. To optimise the ratio, the nunihcr of' cýclcs pCr PLIkC IS IIICI'CI.,, C(l 
1'rorn 2 to 5, extending the measurement VOILInle LlCptl1 to 0.93)[11111.11111, IIICrCaS'C I'CSLIIIS III 
a substantial overlap of' neighbouring velocity hins, mth the echoed signal a rcsult of' 
kil'ormation collected over effectivelN 2.5 velocity hins. Spatial avcraging is madc f'or czich 
velocity hin, taking into account the velocities of' nciollhourin" bills, thei-C1,61-C, I-c-sultill- III 
an optimisation of' the echo versus spatial resolution ratio and a smoothing of' the vclocit\ 
pro IIIe. 
I\ III It IIII 
k-pi II 
distmcc idth 
Figurc 4.12 IllUstration ol*sigti-, tl brcakdo-mi. 
4.7 Particle Imaging Velocimetry 
Particle Imaging velocialetry (PIV) IS ZI 11011-111tRISIVC tCC11111LI11C 1'01- OhMillill" IIjSjýjIItIllCOLI. '., 
whole field velocities. For the re-suspension studý hmwver, the PIV set-up was exploited 
oilly to I'llCaSUre the sediment height as a function ol'time. A brict'descriptioll ofa 1ýplcal 
particle tracking application Miich \\aS Used to measure the velocit\ prohles in sediment- 
free I'lo\\s is provided, clescribine, IiO\\ the tIll-CC Illaill CoillpollClItS. 1111.111111latlOll 'SOLINC. 
iniave capturing hardware and pi-ocesslilg sojj\\, al-c ol, a pIV svstell, 11-c ilitcorated to 
czliculate displacement and velocity maps. A suhsequent description ll(M tile 
technique is modihed l'or the re-suspensioll applicatioll. 
%I ill ilnul n Start ý% indo%N I Ild \\ ill(Io\\ 
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The flow field is illuminated by a thin sheet of laser light which is dual pulsed at a set 
frequency. Seeding particles which track the flow are illuminated, and their position within 
the flow field recorded using a digital camera which is aligned at right angles to the light 
sheet. Each dual pulse creates an image file containing two images, one from the first pulse 
and one from the second. The images are divided into rectangular regions called 
interrogation regions, where the processing software applies either a cross-correlation or 
auto correlation technique over each interrogation region to produce an average particle 
displacement vector. A vector map of the average particle displacement can be produced 
from analysis of all interrogation regions, and a raw velocity vector map can be formed by 
dividing the average particle displacement by the time interval between the dual pulses. 
For the re-suspension study the PIV system is used to illuminate the sediment bed along the 
pipe invert. The intensity of the laser light sheet provides a useful light - dark contrast 
between the fluid and the sediment bed. With no interrogation method applied, the laser is 
operated in single pulse mode, collecting only one image per image file. OriginLab! D data 
analysis and graphing software version 7.5 is used to analyse selected images. The 
6profile/image' tool enables the user to calibrate the x, y scale of the image, from which the 
bed height can be measured. For typical re-suspension images collected, readers are 
referred to chapter 2, figure 3.8. 
A 15Hz NewWave Solo PIV 11-15,30mJ, 532nm, Nd YAG laser (NewWave Research, 
USA), coupled with a MotionPro X5 digital camera (IDT, USA) was used in the study. The 
MotionPro X5 provided 1280 by 1040 resolution, with a7 by 7 micron pixel size. 
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FigUre 4.13 PIV set-tip for the current experimental stud,,. At the test section the slurrý pipchlic k Pa"Wd 
through a water box. The water box reduce,, problems associated with light di"lortioll duc to pipe kklll 
curvatUrc. 
4.8 Particle Size 
Three difTerent particle sizing techniques (two particle size distribution and one iniagin") IIII L- 17, 
were used to measure tile particle size ol' the primary particle and the aogrqoate. Tl IC 
instrunicrits were not used extensively tlirOLILý1101. lt the study, and tllcrcl'()re, only a bricl' 
description oftheir measurement technique will he provided. 
CPS Disc Centri tLige - the technique ýNrorks on the principle of' calculat ing the particle size 
t'rorn the sedimentation rate. The particle suspension is injected into the centre of' the 
centril'uge disc bel'ore dilTusing outwards to the edge ol'the disc under centritLigal lorce. A 
sensor at the edge ol'the centrilugc disc detects the aniount of' light transmitted tl`11-01.1,1ý7111 the 
fluid. As particle pass in Front ol'the sensor the light transmission reduce,,. h-orn knom%, 
the distance, t1ine and fluid properties it is then possible to determine the particle si/e 1'ron, 
Stokes' equation. 
Malvern Mastersizer 2000 -- the techniqUe Uses laser diffraction to measure the particle 
size. The particles in suspension are passed througli a laser heam which is "I"ttered, and 
the resultant scattcring pattern is interpreted using Mie theory to produce a particle size 
distribution. The particle size distribution is determined by matching the observed 
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scattering pattern with that expected from spherical particles of different sizes. For further 
information on the Mie scattering theory readers are referred to the following texts which 
[20,211 
provide a concise review 
Sysmex FPIA -2 100 - the technique applies the same light scattering principle as described 
above. The Sysmex offers an additional capability of being able to image the particles as 
the suspension flows through the measurement chamber. 
Mie scattering theory can be suitably applied to determine the particle size of the primary 
particles (spherical in nature). However, the larger fractal aggregates cannot always be 
considered spherical, with some of the aggregates forming chain like structures (large 
aspect ratio). Applying Mie scattering theory will introduce some error in the measurement 
of particle size distribution. However, when referring back to the images in figure 4.8 the 
majority of the aggregates formed appear spherical, thus the error in estimating the 
aggregate size using Mie theory is not believed to be significant. The particle size is not 
crucial to the outcome of the study. What is important is that fact that an increase in the 
electrolyte concentration from 104M to IM results in the formation of aggregates. 
4.9 Rheology 
A Bohlin CVO-R rheometer is used to measure the suspension properties as a function of 
shear rate. A 2ml cup and bob (measurement geometry) is used to determine the flow 
properties (viscosity versus shear rate) over the range, 10-3S " to 500s", a range which 
greatly exceeds the pseudo-shear rate values in the pipe loop. The CVO-R applies a simple 
technique recording the torque applied to the sample and the resultant angular displacement 
induced in that sample. The viscosity is then simply determined by dividing the shear 
stress by the shear rate. 
4.10 Electrical Resistance Tomoaraphy 
Electrical resistance tomography is used on a 50mm NB pipe loop in South Africa. A short 
project conducted on the pipe loop enabled ERT images to be collected during the gradual 
re-suspension of kaolin sediments. As the technique is not considered as one of the main 
instruments used during the project, readers are referred to the following publications 
E22,231 which outline the working principle of ERT 
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4.11 Conclusion 
This chapter has introduced the many techniques which are used throughout this study to 
characterise the silica suspensions and sediments. As introduced in chapter 1, a more 
systematic approach is required when investigating the flow properties of particles in 
pipelines. The techniques identified in this chapter enable the single particle-particle 
interaction to be characterised and the many particle contact systems such as suspensions 
and sediments to be characterised. Gathering information using these techniques provides a 
basis for interpretation of the data collected in the pipe loop. It should be noted once again, 
that some of the techniques used in this study such as AFM are only used to provide data 
which is useful for interpreting other data sets. The exact values are not considered to be as 
important as the qualitative analysis. 
86 
Chapter References 
1. Binnig, G., C. F. Quate, and C. Gerber, Atomic Force Microscope. Physical Review 
Letters, 1986.56(9): p. 930-933. 
2. Ducker, W. A., T. J. Senden, and R. M. Pashley, Measurement of Forces in Liquids 
Using a Force Microscope. Langrnuir, 1992.8(7): p. 1831-1836. 
3. Biggs, S., et al., Direct measurements of the adhesion between a glass particle and 
a glass surface in a humid atmosphere. Journal of Adhesion Science and 
Technology, 2002.16(7): p. 869-885. 
4. Biggs, S. and T. W. Healy, Electrosteric Stabilization of Colloidal Zirconia with 
Low- Molecular- Weight Polyacrylic-Acid - an Atomic-Force Microscopy Study. 
Journal of the Chemical Society-Faraday Transactions, 1994.90(22): p. 3415-3421. 
5. Biggs, S. and P. Mulvaney, Measurement of the Forces between Gold Surfaces in 
Water by, 4tomic-Force Microscopy. Joumal of Chemical Physics, 1994.100(l 1): P. 
8501-8505. 
6. Cappella, B. and G. Dietler, Force-distance curves by atomic force microscopy. 
Surface Science Reports, 1999.34(1-3): p. 1-104. 
7. Hutter, J. L. and J. Bechhoefer, Calibration of Atomic-Force Microscope Tips (Vol 
64, Pg 1868,1993). Review of Scientific Instruments, 1993.64(l 1): p. 3342-3342. 
8. Neurneister, J. M. and W. A. Ducker, Lateral, normal, and longitudinal spring 
constants of atomicforce microscopy cantilevers. Review of Scientific Instruments, 
1994.65(8): p. 2527-253 1. 
9. Kosmulski, M., pH-dependent surface charging and points of zero charge. H 
Update. Journal of Colloid and Interface Science, 2004.275(l): p. 214-224. 
10. Kosmulski, M., pH-dependent surface charging and points of zero charge: III, 
Update. Journal of Colloid and Interface Science, 2006-298(2): p. 730-741. 
11. Nguyen Quoc, D. and D. V. Boger, Yield stress measurement for concentrated 
suspensions. Journal of Rheology (New York, NY, United States), 1983.27(4): p. 
321-49. 
12. Nasser, M. S. and A. E. James, Settling and sediment bed behaviour of kaolinite in 
aqueous media. Separation and Purification Technology, 2006.51 (1): p. 10-17. 
87 
13. Ouriev, B. and E. Windhab, Transient flow of highly concentrated suspensions 
investigated using the ultrasound velocity profiler-pressure difference method. 
Measurement Science and Technology, 2003.14(l 1): p. 1963-1972. 
14. Takeda, Y., Velocity profile measurement hy ultrasound Doppler shift method 
International Journal of Heat and Fluid Flow, 1986.7(4): p. 313-18. 
15. Ouriev, B. and E. Windhab, Rheological study of concentrated suspensions in 
pressure-driven shear flow using a novel in-line ultrasound Doppler method 
Experiments in Fluids, 2002.32: p. 204-211. 
16. Yamanaka, G., H. Kikura, and M. Aritomi, Flow measurment on oscillaling pipe 
flow near the entrance using the UVP method Experiments in Fluids, 2003.34: p. 
307-315. 
17. Bares, V., UVP analysis of velocity field in circular pipe. Fourth bi-annual 
Conference Wastewater 2001,2001. Mlada Boleslav, Czech Republic: p. 365-368. 
18. Lilliehom, T., et al., Trapping of microparticles in the nearfield of an ultrasonic 
transducer. Ultrasonics, 2005.43(5): p. 293-303. 
19. UVP Monitor User's Guide. Met Flow. 
20. Hunter, R. J., Introduction to Modern Colloid Science. Oxford University Press, 
1993. 
21. Elimelech, M., et al., Particle Deposition & Aggregation - Measurement, Modelling 
and Simulation. Colloid and Surface Science Engineering Series, 1995. 
22. Razzak, S. A., S. Barghi, and JX Zhu, Electrical resistance tomography for flow 
characterisalion of a gas-liquid-solid three-phase circulating fluidised bed 
Chemical Engineering Science, 2007.62: p. 7253-7263. 
23. Stevenson, R., et al., Examination of swirling flow using electrical resistance 
tomography. Powder Technology, 2006.162(2): p. 157-165. 
88 
Chapter 5 
CHARACTERISATION OF SILICA 
COLLOIDS AND SUSPENSONS 
NOMENCLATURE 
Aa Projected area of aggregate 
CD Drag coefficient 
9 Gravitational acceleration 
h Suspension height 
ho Initial suspension height 
h,,, Final sediment height 
K(OO) Hindered mobility coefficient 
Py Compressive yield strength 
P, Vertical component of the static stress 
r Radius of aggregate 
U, Terminal velocity 
VA Potential energy of attraction per unit area 
VR Potential energy of repulsion per unit area 
V" Volume of aggregate 
V Volume fraction of a particle 
Y Friction coefficient of a particle at infinite dilution 
ZC Position of the moving boundary between the compression zone and the free 
settling zone 
C Porosity of aggregate 
Ps Density of solid 
PI Density of fluid 
Ap Solid liquid density difference 
00 Solids volume fraction in the settling column 
0 Mean coordination number 
Ty Yield stress 
dhldt Rate of descent of the suspension supernatant interface 
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ABREVIATIONS 
DLVO Derjaguin, Landau, Verwey and Overbeek Theory 
RH Relative humidity 
AFM Atomic force microscopy 
i. e. p. Iso-electric point 
Re Reynolds number 
c. c. c. Critical coagulation concentration 
Svnopsis 
The surface chemistry of silica, along with the ion-ion, ion-solvent and ion-surface 
interactions plays an important role in determining the strength of a particle-particle 
contact. The rheological properties of a colloidal silica suspension or sediment are 
significantly influenced by the strength of this interaction. Particular attention in the current 
study is given to understanding the influence of both the electrolyte type and concentration 
on the strength of this interaction. 
With many researchers observing two different kinds of silica-silica interaction; one that 
represents a DLVO type interaction and one that doesn't represent a DLVO interaction, this 
chapter opens with a brief introduction discussing the surface chemistry of silica. The 
reader should be aware that the information provided in the introduction is not all relevant 
to the silica used in the current study. However, it is important when working with silica 
that the researcher is aware of the different silica surface properties. 
In this chapter KBr is introduced as a background electrolyte for the zeta potential and 
sediment shear yield stress measurements. KBr is not used in the pipe loop study but is 
only considered in the current chapter to aid interpretation of the observed trends in data. 
5.1 Silica Surface Chemist[y 
Silica is by far the most abundant component of the earth's crust and has consequently been 
studied in great detail over many years. Silica appears in many forms; crystalline, 
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-lino 
block of amorphous, soluble or chemically combined I'l, all sharing tile tct ralicd -,, I bUil, 
flour oxygen atorns Surrounding a single silicon aloni (I SiO-; 
Figure 5.0 Schematic ofthe tetrahedral coordination ofoxygell ions with silicon. 
The surl'ace of silica can be hydrophilic when silanol groups (Si-()l 1) Ire exposed Or 
hydrophobic when the SLII-CaCe chemical UrOLIP'S are maink siloxancs (Si-()-Si). scc 1-111111-c I Z7, 
5.1. The nature of' the SUrl'acc is reversible mth a hydrophilic SLII-l`aCC capable of' 
undergoing, dehydroxylation to l'orm a hydrophobic SUrl'ace. and a liýdropllobic surl'ace 
rehydrating to 11orm a hydrophilic sufface. The hydrophilic/hydrophobic nature ol' a silica 
Surface is governed by the silanol group density (silanol number), which 1,61- a 11,11Y 
hydroxylated surl'acc is vvithin 4-8 011 groups per square nanometre'' -", the variance a 
result of' the manulactUring process and available surlace area. I leat treatnicilt of' a 
fullý 
hydroxylated surl'ace leads to structure dehydration at relatively lo\\ ternpCI-atUrCS, 1`611o\wd 
by the onset of' dehydroxýrlation at higlici N - temperatures (--200"(') - 
With Clevatilli- 
temperatures the hydrophobicity of' the silica SUfface increase,, as the S11,11101 number 
diminishes to zero when pre-treatment temperatures are increased above 900"('. At these 
extremely high temperatures the siloxane bridges 1`01-Illed thl-OLIOll COMICIIS111" S11,11101 
groups are termed 'stable' compared to tile 'strained' bridges that ire l'ormed Under mild 
pre-treatment temperatures, \, ýIth the strength ot'the bridge having a significant clIect Upon 
tile time ol'rehydroxylationN. 
Rehydroxylation of' the silica surlace Occurs \0en a dchydroxylated SUI-CaCC is exposed to 
water. Dcpending upon the degree of' dehydroxylation and tile conditions ol, 
rchydroxylation. the silica surlace may never recover to its maxillIL1111 liýdroxylated state. 
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Studies have shown that lor a silica surl'ace cxposed to very high pre-treatment 
temperatures (900- 1 000"C' - silanol number -- 1 . 0), a period of' Lip to 
5N cars of' surflice 
contact Nvith water at room temperature is rcquircd to rchydroxylatc the surlacc to its initial 
statc 
0 0 
\ / / \ / / \ \ 
11#3 
II :1 
cl cl 
4= 
si -0 si si Oil si 0 
Fie, ure ý. I I'lic three main silica surface chemical groups. Siloxane groups Silanol groups (S, -()l 1) 
and Silicic acid groups (Si-O ). Figurc redrawn reference 
141 
The behavioural characteristics of' most mineral oxide colloidal dispersions except silica. 
can be readily described by tile DINO theory In contrast, silica colloids are kno\\ii to 
exhibit anornalous stability behaviour sho"Ing, flor example, significant stability at tile 
i. e. p. and in high salt concentrations at near-ricutral pl 1, resistin. L, both coagulation all(, 
scclirrientation 17-1111. The unique behaviour of' silica is believed to be associated \\ith tile 
surface chemical properties, which are dependent upon the preparation of' the surt'ace. and 
the nature of' the solution. Many researchers have related this bchaviour cithcr to tile 
flormation ol'a gel layer on the sufface, structuring 01'\UtCr at tile solid-liquid Interl'acc. Or a 
low I larnaker constant compared with other mincral oxides (see bclo\k). 
5.1 .1 Gel Layer 
As water adsorbs on a hydrophilic silica surface (see fligure 5.2), silanol and silicic acid 
groups (deprotonated silanol groups) form polymeric chains that protrude Outwards 1roin 
the silica surlace. A three-dimensional network of' cross-linking, chains call encapsulate 
water Crorn the bulk florming a SLII-Cace gel laver. \\ith the s\ýclhng, of' the :,, ci 
layer 
controlled by the kinetics of' the dissolution process, and the breaking probahllltý oF the 
chains. Vigil et al. 141 exposed hydrophilic surlaces to air of' increasing relative hunudit\ 
(RII) to denionstrate gel layer mwiling. Force measurements on hydrophilic surfaces 
sho\wd a gel la\er increasing in size 1rom CIA at O%ORII to 15-20A at 100%oRli. ý0111C 
meaSUrements on a hydrophobic surl'ace showed no evidence of a gocl layer even \\he" the 
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surl'ace was submerged in water. Typical lOI'CC CLII-VeS collected by Vigil ct 11. In 1()-'M salt 
between two hydrophilic and two h drophohiC SUrfaCCS are ShOMI III figUre 5.2. \61li the yI 
hydrophilic measurcment showing an additional repUlSiOll thit is most likely associated to 
the lormation ol'a silica gel layer. 
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Figure 5.2 Left diagram: water molecule orientation with respect to the silanol I acc. A) group Oil the silica surl" 
Hydrogen atom in the water molecule bonded to the hydrogen atom ol'the - Si - 0/1 group. B) aton' 
in tile water molecule bonded to tile hydrogen atom of' tile -- Si - OH grOLIP. Figure NdraWn I-Ct'el-cllcC 
Right diagrarn: Measured normal t1orce ol'interaction between two hydrophilic and two hydrophobic still'accs. 
The presence of' a gel layer oil the silica surface adjusts the contact point. Symbols: circle hydrophilic 
surt'ace, square hydrophobic sufface. Data taken I*rom I I]. 
5.1.2 Structured Water 
The influence of struCtUred water at the solid-liquid interface is a topic that lias been 
disputed in literatLil-C t1or many ycars. The competition I'Or surl'ace silanol groups betWeell 
water molecules and the cationic species in solution has been studied in detail bv 111,111N, 
researchers One study which shows the presence of' a structurcd water laver and its 
effect oil the short range repulsive florce acting between silica particles is the StUdý olTolic 
et al. ''I'. Colic et al. 1 12 1 repeated the studies of' Pashle\ and Israclachvill \\110 
investigated the influence ol'the hydrated ion size oil the interaction potential bemeen two 
mica sui-111ces. The secondary hydration layer theory proposed by Israclachvillill'' 
20 40 60 80 
Distance (Angstrom) 
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concluded that the short range repulsion force is determined by the size of the hydrated ion. 
Colic et al. [12] studied the same cation competition (Li+, Na+, K+ and Cs) for the hydrated 
silica surface with the effect on the short range repulsive force determined from the 
suspension viscosity. The results contradicted the secondary hydration layer theory and 
concluded that the short range repulsion force is determined by the size of the unhydrated 
ion, not the hydrated ion. Colic et al. [121 showed that the smaller more hydrated ions 
produced suspensions with a higher viscosity. In high electrolyte concentrations (4M) the 
sequence of the deepest attractive potential well followed: 
Li+ > Naý > K+ > Cs+ 
[131 
which is the inverse of the sequence presented by Pashley 
[14,15] Table 5.0 Un-hydrated and hydrated ion radii 
Ion Un-hydrated (A) Hydrated (A) 
0.68 3.82 
Na+ 0.97 3.58 
K+ 1.33 3.31 
csý 1.67 3.30 
The discussion presented by Colic et a]. [121 focused on the ability of an ion to compete for 
water at the interface. The smaller Li+ and Ne ions (see table 5.0) can be termed 'structure 
makers', having a greater affinity to reside within the surface hydration layer; while the 
larger 'structure breaker' ions K' and Cs+ do not compete for water at the interface and 
remain on the periphery of the hydration layer. Structure maker ions therefore reduce the 
extent of the short range repulsion force enabling attractive networks to form, increasing 
the viscosity of the suspension. Figure 5.3 redrawn from reference [121 schematically 
illustrates the influence of the structure maker, structure breaker ions on the extent of the 
short range repulsion force. 
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Figure 5.3 Schematic representation of the silica/water surface with a thick hydration layer with various 
counter-ions adsorbed to the surface. Most hydrated ions (structure maker) penetrate deeper into the hydration 
layer with the least hydrated ions (structure breaker) remaining on the periphery of the hydrated layer. 
Although the author [121 interpreted the high concentration electrolyte results in terms of the 
structure-maker structure-breaker model, the results are unexpected. As will be discussed 
later, a silica surface with a low i. e. p. should behave as a structure breaker surface and not a 
structure maker surface. With a like-like affinity between an ion and a surface, it would be 
expected that the sequence of deepest attractive potential well would follow: 
Cs +> K+ > Na+ > Li+ 
Such behaviour is observed in the study [12] at pH 9 when the electrolyte concentration is 
reduced to IM. It is most likely that the sequence observed in the high electrolyte 
concentrations is a result of other effects such as ion-ion and ion-solvent interactions; 
however, this has never been discussed in the literature since publication of the paper. 
5.1.3 Hamaker Constant 
The low Hamaker constant of silica in water compared with other mineral oxides has also 
been postulated when describing the unexpected stability at the i. e. p.. Dumont [161 provided 
a comparison between silica and titanium dioxide Hamaker constants in water, noting the 
silica Hamaker constant to be approximately 35 times smaller than that of titanium dioxide. 
It is therefore apparent that for spheres of equal size, the attraction energy between two 
silica particles is significantly lower than that between two titanium dioxide particles, and 
the effect of a structural stabilising force is therefore more evident. 
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The complicated surface properties of silica have been further scrutinized through surface 
force measurements [4,81 which have suggested the formation of a hydration layer on a 
partially hydrophobic surface; albeit the layer is considerably thinner (5-15A) than a 
hydration layer formed on a hydrophilic surface. The influence of such a thin layer on the 
interaction mechanics of two partially hydrophobic surfaces is difficult to determine, as the 
length scale is generally comparable with the surface roughness. Figure 5.4 shows the 
height variation of a cross section along the centre axis on the surface of a silica particle 
used in the current study, confirming that the variation in surface height is comparable with 
hydration layer thickness quoted in literature. 
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Figure 5.4 Typical height variations along the centre-line axis of a 0.8grn silica sphere. Height variation 
determined from contact mode imaging. 
This brief introduction into the surface properties of silica has emphasised the potential 
complicated nature of the interaction. With the surface properties heavily dependent upon 
the manufacturing process (temperature), there are many contradicting studies which result 
from the hydrophilic/hydrophobic nature of the surface. With the particles used in the 
current study exposed to temperatures above 500'C in the manufacturing process (to reduce 
the solid porosity), and the surface roughness comparable to the hydration layer thickness 
measured on a partially hydrophobic surface, it is therefore reasonable to assume that the 
rheological properties of the silica suspensions studied, can be suitably characterised by 
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excluding any soft steric layer interaction, and can be treated as a surface which is 
representative of a DLVO interaction (see AFM results section 5.6) 
5.2 Ion-Surface and Ion-Ion Effects 
Ion-specific effects have been studied in detail for many years. The classic 'Hofmeister' 
series was first reported in 1888 and concerned the salting-out of proteins from solution. 
Ion competition for a surface, either by the specific adsorption onto a surface or surface 
charge screening by the electrical double layer, is commonly studied through observing 
shifts in either the iso-electric point (i. e. p. ) 1171, the absolute value of the zeta potentiall 181, 
the critical coagulation concentration [19,201 and the shear or compressional yield stress of 
[211 the material 
With a central Le. p. and partial solubility at extreme pl-l's, titanium dioxide and zirconia are 
two model surfaces that have been readily used to investigate both anion and cation specific 
effects. The nature of the anion can be determined from the positive branch of the 
charging curve, and the nature of the cation can be determined from the negative branch of 
the charging curve. Kosmulski and Rosenholm [221 studied the absolute value of the 
negative and positive zeta potentials of both anatase and zirconia to determine individual 
ion effects. For a given anion the sequence of increased reduction in the negative zeta 
potential followed: 
Li+ >W> K+ > Cs' 
whilst for a given cation the sequence of increased reduction in the positive zeta potential 
followed: 
I.: > Br- > C104"> N03'> Cl'> CH3COO" 
With an iso-electric point around pH 2 [231 , the cation specificity for the silica surface has 
received little attention. Franks et al. [171 investigated a wide range of monovalent 
electrolyte concentrations and observed that for a given anion (Cl"), the sequence of 
increased reduction in the negative zeta potential followed: 
Cs+ > K+ > Ne > Li+ 
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The same study also identified a shift in the Le. p. at electrolyte concentrations above 0.1 M. 
Specific adsorption of the monovalent ion shifted the Le. p. to a higher pH, with the 
sequence of greatest Le. p. shift to least Le. p. shift following the same series as for the 
reduction in the negative zeta potential. The associated shift in the Le. p. with increasing 
salt concentration was used to describe the abnormal yield stress behaviour observed in this 
study (see figure 5.5). The author observed a minimum in the yield stress at low pH (pH3) 
with the yield stress either passing through a maximum or continuing to increase as the pH 
was adjusted to pH 11. The inconsistent relationship between the Le. p. and the maximum 
yield stress is difficult to interpret. The low yield stress in low pH environments can be 
justified in terms of the unexpected stability of silica at low pH's (see previous discussion 
on silica surface chemistry). The discrepancy between the Le. p. and the maximum yield 
stress may be associated to measurement error (two different measurement techniques). 
However, this is unlikely as it would be expected that the error would translate through all 
data sets. With differences observed between the two structure maker ions and similar 
differences observed between the two structure breaker ions, there appears to be no obvious 
trend. The influence of ion-ion and ion-solvent interaction may provide an understanding 
for such observed behaviour. 
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Figure 5.5 Silica shear yield stress data of 40 vol% in I -OM CsCI (inverted triangles), KCI (triangles), NaCl 
[17) (circles) and LiCI (squares). Silica i. e. p. = pH4. Figure redrawn from reference 
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The anion and cation series for a given surface can generally be explained by the relative 
abilities of both the ion and the surface to structure or de-structure water. As previously 
explained, the ability for an ion to structure water is related to the strength of the electric 
field at the surface, while the division between a structure making and a structure breaking 
surface is related to the nature/structure of the solid, and the surface Le. p.. Dumont et al. 
1191 discussed the stability of metal oxides concluding that the structuring power of a surface 
bearing a positive electrical charge is always more structure maker than the same surface 
when negatively charged. More specifically, the transition from a structure maker to a 
structure breaker surface is associated with the surface heat of hydration. Theoretical and 
experimental results have validated the transition to arise for heats of immersion from 0.3 - 
0.4 jM"2 . Amorphous silica with a low heat of immersion (; zý 0.1 jM-2 
1191) and a low Le. p. is 
a termed a 'structure breaker' surface, while titania (= 0.55 jM, 2 E19) and alumina (= 0.773 
jM-2 E19) having a high heat of immersion and a high Le. p. are termed 'structure-maker' 
surfaces. With a low Le. p. silica is classified as a structure breaker surface and will 
therefore preferentially adsorb structure breaker ions, while a structure maker surface such 
as anatase, zirconia or alumina, will preferentially adsorb structure maker ions. Such an 
effect is related to the secondary hydration layer theory and the structure maker - structure 
breaker theory previously discussed. 
Kosmulski and Rosenholm have published an array of papers where the ion-ion interaction 
behaviour is shown to influence the specific binding behaviour of a counter-ion [24-26] . Ina 
detailed study where they focused on the binding potential of monovalent ions in high ionic 
strength electrolytes, they discussed the differentiating effect of small cations and large 
anions, and the absence of this differentiating effect for large cations and small anions. The 
most negative zeta potentials of anatase in 0.4 mol dM-3 solutions were compared for 
NaN03 (ionic radius Na+ 0.97A, N03- 2.97A), Nal (I- 2.20A), CSN03 (CS+ 1.67A) and CsI. 
For the differentiating case they observed a significant difference in the most negative zeta 
potential (I ImV), while for the non-differentiating case the difference was considered 
insignificant. They concluded that the ion-ion interaction in solution governs the reduction 
in the negative zeta potential and the shift in the i. e. p. at high ionic strengths, with the 
specific ion-surface interaction playing only a secondary role. 
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A further theory proposed by many researchers when explaining the ion-surface specificity 
series, is the 'hard-soft' theory [24] . The approach is based upon the competition potential 
between the surface/counter-ion and the co-ion/counter-ion. A hard cation such as Li+ or 
Ne has an enhanced affinity for a hard surface such as anatase, with the extent of surface 
interaction influenced by the hard-soft nature of the anion. A hard anion (Cl-) in solution 
can successfully compete with the surface for the hard cation. Depending upon the degree 
of competition, the cation concentration within the interfacial region can be limited to 
prevent the formation of excess charge. For a structure breaker surface such as silica, the 
soft surface has an enhanced affinity to soft anions preventing excess charge when the 
cation is hard. However, when the cation is soft the competition mechanics change and the 
cation affinity for the surface increases. 
Individual ion activity coefficients should also be considered when discussing ion-surface 
specificity. Vera et al. [271 looked at the individual anionic and cationic activity coefficients 
in aqueous electrolyte solutions of LiBr, LiCl, KCI and NaCl, by measuring the 
electromagnetic field of the ion selective electrode against a single junction reference 
electrode. The study verified previous conclusions that the activity coefficient of an ion 
depends on its counter-ion, and the activity coefficient of the cation is different from the 
activity coefficient of the anion. Measuring the activity coefficients in electrolyte solutions 
up to 3M, the results showed the coefficient for Li' to be consistently higher than the anion 
coefficient. With an increase in the electrolyte concentration the cation coefficient showed 
a threefold increase while the anion coefficient halved in value. 
The activity coefficient reflects the potential for ion-solvent interaction and therefore the 
degree of ion hydration. In low concentration electrolyte solutions (common anion CI-) the 
activity coefficients of Li+, Naý and K+ were compared. The order of the highest to the 
lowest activity coefficient followed: 
Li+: *Naý > K+ 
Interestingly, the activity coefficient of lithium increased with an increase in the electrolyte 
concentration, while the sodium coefficient remained unchanged and the potassium 
coefficient decreased. In terms of the structure-maker structure-breaker approach this is 
significant, as the ion affinity for its corresponding surface would increase for both Li+ and 
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K' ions, with an increase in electrolyte concentration, while the ion affinity of the structure 
maker Naý ion would remain unchanged as the electrolyte concentration is increased. The 
anion activity coefficients in solution showed a similarity in behaviour, with the only 
significant difference in the activity coefficient associated with a change in the counter-ion. 
5.3 Zeta Potential 
The relationship between rheology and zeta potential has been subjected to extensive 
research 117,18,21,28-331 . As previously discussed in chapter 2 the strength and the nature of 
an interaction between two colloidal particles is primarily influenced by the ionic 
concentration. As the ionic concentration is increased the degree of surface charge 
screening also increases, reducing the potential energy barrier for the interaction. 
Initial characterisation of the silica in this study was completed through investigating the 
affect of both the electrolyte strength and type on the zeta potential. Unlike previous silica 
studies [10,12,17] where cationic effects were investigated, here the focus has been on the 
influence of the anion (Cl', Br-, NOD with a similar cation (K). All three figures, 5.6a 
(NOD, b (CI-) and c (Br-) show the characteristic reduction in the absolute silica zeta 
potential as more surface sites become protonated at lower pl-I's. Ion effects are observed 
when monitoring the pl-li. e. p. and the absolute value of the negative zeta potential. For 
KN03 the Le. p. is measured at approximately pH 3 and shows no deviation with an increase 
in the electrolyte concentration. Over the concentration range investigated (10 -4 M- IM) 
the electrolyte can be described as being 'inert'. The Le. p. for silica in KCI solution is also 
measured at approximately pH 3, with the data suggesting a slight shift in the Le. p. to a 
higher pH when the electrolyte concentration is increased to I M, thus indicating specific 
adsorption of the cation [171 . However, it should be acknowledged that as the zeta potential 
approaches zero it becomes increasingly more difficult to initiate particle movement in an 
electric field and therefore measure the 'true' zeta potential (refer to chapter 4 on 
measurement principles of zeta potential). Without several experimental repeats the 
observed shift could be considered within experimental error. For silica in KBr solution 
there is no measurable difference in the pHi. e. p. over the concentration range studied (10- 
1M 
to 104M), which agrees with the general consensus that specific ion adsorption effects are 
[26,341 only observed when the electrolyte concentration exceeds 0.1 M 
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Figure 5.6 Zeta potential of Fuso silica dispersed in a) KN03 b) KCI and c) KBr electrolytes. Symbols: 
square -IM, circle - 10-1 M, traingle -I 0-'M, inverted triangle - 10-3 M and diamond - 10-4M. 
Kosmulski [34] published the first study investigating anion effects on the electrokinetic 
mobility of silica colloids. Titrating fumed silica with three different acids; HCI, HC104 
and HN03, Kosmulski [34] observed differences in the electrokinetic mobility at very low 
pHs. With an increase in the suspension pH, there was no detectable difference in the 
electrokinetic mobility of the silica; the author concluding such an affect to be a result of 
anion depletion from the interfacial region due to electrostatic repulsion. Such behaviour 
contradicts the results of this current study where the affect of the anion is clearly observed 
at low salt concentrations and at high pH values away from the i. e. p.. 
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Kosmulski's study briefly evaluates the anion effects of different salts. Comparing 0.1 M 
CsN03 and OAM CsCl, there is no measurable difference in the silica electrokinetic 
mobility with pH. The result is somewhat inconclusive as the Cs+ ion greatly influences the 
[171 electrokinetic mobility of silica , the ion preferentially adsorbing relative to the more 
hydrated ions where the ion-ion interaction would play a more significant role in 
determining the electrokinetic mobility. It is therefore expected in this instance that the 
electrokinetic mobility is affected only by the dominant cation with the effects of the anion 
screened. With a brief study and limited conclusive data for different salts, the conclusion 
that the anion specificity observed through acid titrations is expected to be similar for salts, 
is difficult to acknowledge. 
Figure 5.7 provides a comparison of the negative zeta potential at pH 9 for all three 
electrolytes used in this study as a function of increasing electrolyte concentration. There is 
an observed shift in the negative zeta potential which is associated with the anion. Repeat 
experiments have shown the measurement error at pH 9 to be within 3%. The sequence of 
increased reduction in the negative zeta potential follows: 
Bf"> CI"> N03- 
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Figure 5.7 Zeta potential comparisons as a function of electrolyte type and concentration. All data points 
determined at pH 9. Symbols: square - KN03. circle - KCI and triangle - KBr. Lines to guide the eye. 
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With all three anions having similar hydration enthalpies and activity coefficients, the 
discussion around the hard-soft approach and/or the structure-maker structure-breaker 
approach is rather limited. However, with subtle differences in the anion properties, ion- 
solvent and ion-surface interactions may provide an explanation for such behaviour. 
Additionally, the behaviour could be related to the ion-ion interaction and the dissociation 
energy of the salt (see table 5.1). The sequence BC > Cl- > N03- (increased reduction in the 
negative zeta potential) is more evident at low salt concentrations with the effect 
diminishing as the salt concentration is increased. This behaviour complements the idea of 
incomplete dissociation of the electrolyte. In high ionic strength electrolyte solutions, small 
changes in the electrolyte dissociation energy are compensated for by the high ion density 
in solution. However, when the ion density in solution is low (104M), such variances in 
the dissociation energy become more significant. With the electrolyte dissociation energy 
decreasing in the order (see table 5.1): 
KCI > KBr 
it is expected under conditions of incomplete dissociation that the concentration of K+ ions 
in the interfacial region decreases following: 
KBr > KCI 
The sequence shows that for incomplete dissociation of the electrolyte, the K+ ion 
concentration in solution from a KBr electrolyte should exceed the K+ ion concentration 
from a KCI electrolyte. The resulting change in the concentration of free K+ ions in 
solution will affect the degree of surface charge screening, and therefore the electrokinetic 
mobility of the silica. With an increase in the K+ ion concentration there is an associated 
increase in the shielding of the silica surface charge, reducing the magnitude of the negative 
zeta potential. With no dissociation data for KN03 available, a direct comparison of all 
three electrolytes cannot be made. However, subsequent data (sections 5.4,5.5 and 5.6) to 
be discussed, provides validation of the zeta potential measurements with the same trends 
observed using alternative measurement techniques. The brief discussion on the 
possibility that the ion dissociation energy influences the zeta potential in low concentration 
electrolytes provides a reasonable assessment of the electrokinetic mobility data collected 
for silica in different potassium salts. 
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Table 5.1 Ion dissociation energies. Values taken from reference [351 . 
Dissociation Energy (eV) 
Molecule 
KBr 3.97 
KCI 4.43 
KNO3 
Three suspensions were selected for further characterisation and investigation in the pipe 
loop. Selection of the electrolyte concentration and type was made in view of producing 
sediments with different rheological properties. One approach would be to select an 
appropriate electrolyte concentration that would generate significantly different zeta 
potentials as a function of the suspension pH. Analysis of the data suggests that a 10-2M 
electrolyte would be suitable, with zeta potential values spanning 70mV. However, Franks 
[171 presented data which showed for the same electrolyte concentration (10-2 M) and at a 
solids (silica) concentration above the gel-point, a shift of 70mV may only vary the yield 
stress by 20-3OPa. The same data also showed that a much larger variation in the shear 
yield stress was possible at the same pH and electrolyte concentration, when the type of 
electrolyte was altered. Based on these observations and the conclusions drawn from the 
electrokinetic mobility data, three electrolytes, IM KN039 10-4 M KN03 and 10 4 KCI at pH 
6 (natural pH of suspension ýý pH6) were chosen for further investigation. 
5.4 Shear Yield Stress 
The topic of a 'true' yield stress has been debated in literature for many years [36.371 , with 
discussion centring on the accepted definition and time scale for material deformation. 
From an engineering perspective the yield stress is typically defined as the minimum stress 
that must be applied to a material in order to initiate flow within a time scale suitable for 
the application. In multiphase pumping applications the time scale is usually of the order of 
seconds to minutes, depending upon the length of pipe, the angle of inclination, and the 
physical properties of the sediment. 
One of the more accurate and more commonly used techniques when measuring the yield 
stress of a concentrated colloidal suspension, is the single point vane technique developed 
105 
by Boger et al. [381 . The vane tool causes little destruction of the particle network when 
lowered into the sample and minimises wall slip and wall depletion effects during the 
measurement; effects commonly encountered when using Couette or cone and plate 
techniques. The single point method determines the yield stress through interpretation of 
the maximum torque (refer to chapter 4), unlike in-direct yield stress determination where 
the reliability of the result is dependent upon the quality of the data collected in the low 
shear rate range. Several parameters including particle size, particle size distribution and 
shape; solids volume fraction and the interaction potential between individual particles 
have all been shown to influence the material yield stress [17,28,32,39-411 . 
Of interest in this 
study is the affect of the particle surface chemistry on the yield stress of a consolidated 
sediment bed. Surface chemistry effects on the shear yield stress of a material have been 
studied in detail, with the classical 'bell-shaped' yield stress curve continually reproduced 
for materials that exhibit a central i. e. p (see figure 5.8). Johnson et al. [321 provide an 
excellent paper looking at the effect of DLVO and non-DLVO forces on the yield stress of 
zirconia and alumina based suspensions. The authors showed that for a suspension 
influenced by DLVO forces, a maximum in the shear yield stress of the material is 
observed when the zeta potential is zero and the interaction is dominated by the strongly 
attractive van der Waals force (see chapter 2). While, a shift in the pH away from the Le. p. 
results in the gradual reduction of the shear yield stress until a pH is reached where the 
material freely flows and no longer exhibits a yielding point. The reduction in the yield 
stress is associated with an increase in the strength of the electrical double layer force 
diminishing the net inter-particle attractive potential. 
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Figure 5.8 The shear yield stress of concentrated a-alumina suspensions as a function of p1l and solids 
volume concentration. Symbols: square 20% volume, circle 22.5% volume, triangle 25% volume, inverted 
132] triangle 27.5% volume and diamond 30% volume. Figure taken from reference 
In 1998 Scales et al. [331 derived an expression for the shear yield stress of a flocculated 
suspension of spheres, accounting for the effects of particle size distribution, solids volume 
fraction and the electrokinetic properties of the suspension. A simplified version of the 
expression is defined as: 
Ty = Kt,,, t,,,, 
[VA - VRI [5.0] 
where Kstucture is dependent upon the particle size, the solids volume fraction and the 
36 [331 
mean coordination number (1--0 when 0 :50.47) . The bracketed term 
defines the 
7r 
electrokinetic properties includes the van der Waals and the electrical double layer forces, 
which have been previously discussed in chapter 2. 
Here using the technique described by Nguyen Quoc and Boger [381 the shear yield stress of 
the consolidated silica sediments varied as a function of both the electrolyte concentration 
and type (see figures 5.9a and b). With an increase in the electrolyte concentration from 10" 
4M to IM, there is a significant decrease in the shear yield stress of the sediment (200- 
30OPa). Analysing such behaviour in terms of equation 5.0, both the structural and the 
DLVO components will be influenced by a change in the ionic concentration. However, 
assuming that the structural component is independent of the ionic concentration, an 
increase in the electrolyte concentration would result in a reduction in the magnitude of the 
repulsive component, and therefore, an increase in the shear yield stress. With a significant 
reduction in the shear yield stress, structural changes are clearly dominating the behaviour 
under these conditions. At high electrolyte concentrations the formation of aggregates in 
the suspension will reduce the solids volume fraction and the number of particle-particle 
contacts within the sediment. At low electrolyte concentrations the particles remain 
dispersed and are able to pack more efficiently. As a result, the solids volume fraction and 
the number of part icle-particle contacts within the bed increases, therefore, increasing the 
shear yield stress of the sediment bed. This behaviour has been shown by several 
117,41,421 researchers to influence the shear yield stress of a material . Further data which 
complements these results is provided in the gel-point discussion to follow. Figure 5.9a 
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shows the yield stress data I'Or high and low electrolyte concentration sediments. At high 
electrolyte concentrations the shear yield stress is independent ol'thc clectrolýtc týpc. \kill, 
the differences in the shear yield stress considered negligible and mthin experimental error. 
At low electrolyte concentrations the sediment shear yield stress appears to be dependent 
on the type ofelectrolytc. The sequence of'reducing shear yield stress 1'()Ilo\\, s: 
KNO,, > KCI > KBr 
ý, \, Iiich is in accordance with the electrophoretic mobility, data. and the understand"il-, thal 
the ion dissociation energy plays an important role at lo\ý, electrolyte concentrations. All 
experiments were repeated 5 times to provide a reasonable assessment of the error oI 
uncertainty. 
10'M KP1 
IM KF3r 
io'm KC, 1 
1M KCI 
10'M KNO 
IM KNO, 
104 M KCI 
104 M KNO, 
1M KNO, 
5ý0' 
Figure 5.9 Sediment shear yield stress. a) comparison between electrolyte concentration and type. Trend '111 
tile data corresponds to the electrophoretic mobility data for silica (see figurc 5.7). b) comparison ofthe three 
sediments to be flurther investigated in the slurry pipe loop. 
Figure 5.10 below visually shows the change in the structure yield strength when the I'()'-cc 
acting oil the sediment is rotated 90". ,, Ile 1()-4 M KNO,, NOich has a high ý ield stren. pth due 
to a denselIV, packed sediment holds is structure. while the IM KNO, which is characterlsed I 
by a lower solids packing fraction, and therefore, a lowcr ý ield strength. -slumps" ýN Ile" the 
beaker is rotated onto its side. 
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Figure 5.10 Silica sediments prepared in IM KNOI electrolyte (left hand side) and 10 'M KNO, electrolyte 
(right hand side). 
5.5 Sedimentation and Gel Point 
The rate of sedimentation of a single sphere falling in a Newtonian fluid can be calculated 
using Stokes' law; relating the settling velocity to the gravitational and the frictional drag 
force acting upon the particle. Frequently the Stokes' equation is modified by scaling 
factors to account for particle shape (changes in the drag coefficient) and solids loading 
(hindered settling effects). Generally, both a deviation from sphericity and an increase in 
solids loading will act to reduce the settling rate ofthe particles. 
For hard spheres of equal size the settling system can be divided into three zones: a clear 
supernatant at the top, a free falling zone, and a collapse zone. With particles depositing at 
the same rate, the settling velocity can easily be determined by tracking the interface 
between the clear supernatant and the free Calling zone. As the free I'alling zone diminishes, 
1411 the constant rate of settling reduces to the consolidation rate ofthe sediment 
In a poly-dispersed system the boundaries between the three zones become diffuse. Visual 
assessment of the clear supernatant-free settling zone boundary is no longer achievable, and 
techniques such as light monitoring (Turbiscan(k), IJJMiFuge(R)) and X-ray adsorption 
scanning 1-311 are commonly employed to determine the settling properties. The settling 
behaviour of a poly-dispersed system is more representative of the settling characteristics 
observed in an aggregated system, where the particle size can range from the singlet up to 
large clusters where the effective radii is a hundred times or more that of the primary 
particle 144,45 1. The formation of aggregates in the suspension complicates the analysis as it 
is no longer appropriate to treat the system using hard sphere models. Aggregates tend to 
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form non-ideal shapes which are permeable, resulting in both an increase (shape factor) and 
a decrease (porosity factor) in the hydrodynamic fluid drag, when compared to 
impermeable primary particles of the same size. 
In his review on techniques to determine the mass fractal dimension of an aggregate, 
Bushell et al. [46] provides the terminal velocity (Uj) equation for an aggregate in a 
Newtonian fluid: 
Ut 
f Va -2(1-E)(ps-pl)g 
4 AaCD pt 
[5.1] 
which for spherical, impermeable objects in the Stokes regime (Re << 1) reduces to: 
Ut = 
4(1-E)(ps-pl)grl 
18ju 
[5.2] 
where V,, is the aggregate volume, A,, is the aggregate projected area in the direction of 
flow, CD is the drag coefficient, c is the aggregate porosity, p, and p, are the densities of the 
primary particles and the fluid respectively and r is the aggregate radius. 
The equation includes three parameters (A,,, CD, c) that are dependent upon the overall size 
of the aggregate, with the reciprocal actions of each parameter influencing the terminal 
settling velocity. Detailed discussions on each individual parameter and their effects on the 
settling rate are considered outside the scope of this study. Readers are referred to the 
[4648] following publications for further information 
In an aggregated suspension the transition from free (un-hindered settling) to zone 
(segregated settling zones, observed in polydispersed suspensions), and finally compression 
(sediment consolidation- multi particle contacts) settling is not exclusively determined by 
the solids concentration, consideration should also be given to the degree of aggregation. 
Figure 5.11 redrawn from reference [47] illustrates these effects mapping the regions 
according to both the solids concentration and the degree of aggregation. 
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Figure 5.11 Suspension settling regimes depending on the degree of aggregation and suspension 
[471 
concentration. Figure redrawn from reference 
In a dispersed suspension where particle-particle interactions are minimal, the free settling 
regime spans a large concentration range. With an increase in the collision efficiency and 
the formation of open porous aggregates, the transition to zone and compression settling 
occurs over a smaller concentration range, due to an increase in the effective volume 
fraction of the solids. 
The consolidation behaviour and the rheological properties of sediment beds are also 
[21,31,32,49-521 
sensitive to the degree of suspension aggregation The lowest concentration 
of particles in a suspension that can form a 3-dimensional space filling heterogeneous 
network is known as the suspension gel point. In many process industries slurries are 
pumped at concentrations well below the gel point to reduce pumping costs and to avoid 
particlejamming in the pipeline. However, during process shut down, sediment beds form 
on the pipe invert with a shear yield stress dependent upon the number of particles per unit 
volume and the particle-particle interaction strength. 
Buscall et al. 
[49,531 
provides a quantitative approach to modelling the consolidation 
behaviour of aggregated suspensions. The consolidation behaviours of a strongly and 
weakly aggregated suspension are compared in terms of the compressive yield strength (Py) 
and the vertical component of the static stress (P, ). With the formation of a self-supporting 
network, the load bearing stress resulting from the weight of each individual particle and 
aggregate is transmitted directly throughout the network structure. As the static stress 
ill 
increases with increased loading, a point can be reached where the compressive strength of 
the network is exceeded, resulting in densification of the network. 
In a strongly aggregated suspension where the interaction potential consists of a deep 
primary minimum and the particles are in contact with one another, the compressive yield 
strength is likely to exceed the vertical component of the static stress. The sediment 
concentration throughout the bed will therefore be equal to the gel point concentration. As 
the aggregation strength is reduced and the interaction potential moves to a secondary 
minimum, resulting in a weakly attractive network of particles, it is most likely that the 
vertical component of the static stress at the base of the sediment will exceed the 
compressive strength of the network. Depending upon the load bearing stress and the 
strength of aggregation, a density gradient increasing from the gel point concentration can 
be measured as a function of sediment bed depth. 
Figure 5.12 represents the compressional mechanics of aggregated sediments with the 
governing equations for consolidation given as: 
h 
Ps = Apg , 
Odz [5.31 
= 
[äpq +y 
ih 
K(0(»00] (h - z, ) [5.41 py vApy dt 
where 00 is the solids volume fraction in the settling column, Ap is the solid - liquid 
density difference, g the acceleration due to gravity, y the friction coefficient of a particle at 
infinite dilution, v the volume fraction of a particle (assumed mono-dispersed), K(Oo) the 
hindered mobility coefficient, h the suspension height, dhldt the rate of descent of the 
suspension supernatant interface and z, the position of the moving boundary between the 
compression zone and the free settling zone where 0= 00. 
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FiLýUre 5.12 Schematic representation ofsediment bed consolidation in terms ofthe vertical component oftlic 
static strcss WJ. the comprcssiý c yield strength (P, ) and (1), the g-cl point. 
In tile Current study the SLISperlsion settling rates and the gel points are compared as a 
function ol'the elcctrolýtc type and concentration. Settling columns were use(] 10 (ICtCl-111111C 
the settling rate as well as the suspension gel point I'or particles dispersed in 10-1M KNO, 
and KCI and IM KNO, hackgrOUnd elcctrolý tcs. Images collected at time Intervals dUrillg 
the settling process up until the point of'no further scclinicnt bed consolidation are shomi in 
Iiou rc 5.13 a-g ( 1()-4 M KNO; ) and figurc 5.14a-, (IM KNOA 
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Figure 5.13 Settlillg COILIIIIII experiments to determine the suspension gel-point. 10 
INI K\(); "ilica 
suspensions prepared to pl 16. Time intervals (lirs): a) 0 b) 3.9 c) 9.7 (1) 24 c) 3 -'A 1) 49.4 g) 94 
Figure 5.14 Set II ing, co I unin expcrimcn is to determine tI ic suspensio II oc I -po IIII. I \1 K\( );,, I II Cý I ', I Is pCI I "I k )I I" 
prepared to pl 16. Time intervals (hrs): a) 0 b) 0.1 c) 0.3 (1) 0.6 c) 1.5 1) 4.5) g) 7 
From the images collected there is a marked dilTerence in tile rate at \\hich the solid front 
descends and the final sediment liciolit \0en the electrolyte concentration is increased froil' 
, ()-4 M to I M. Figure 2.1 in chapter 2, shows a demarcation bct\wcn slo\\ and accclcrated 
settling, related to the critical coagulation concentration (c. c. c. ) of the suspension. IM(m 
the c. c. c. particles Call as single spheres with the rate controlled by the solids cOlIcclitr, "'011- 
Above the c. c. c. the formation of' aggre-ates enhanccsý the rate of suspension clearill" LC 
to: i) increased particle size (Stokes' equation dcpciideilt on the length squarcd) and ii slip- 
streamin(4, effects (larger aggregates drao smaller particles in tlo\ý field). I L_ 
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Figure 5.15 Suspension settling profiles determined from centrifugal sedimentation (LUMiFugeID). Symbols: 
square - IM KN03. circle - 10-4M KN03 and triangle 10-4M KCI. Profiles at II xg. 
Table 5.2 summarises the initial descending rates of the solid-liquid interfaces determined 
from a linear fit of the profiles which are presented in figure 5.15. The settling profiles are 
determined from monitoring the light transmission through a sediment cell which is 
experiencing an increased gravitational force (refer to section 4.5.2 - LUMiFugelo). Figure 
5.16 shows the raw data light transmission profiles collected for a IM KN03 silica 
suspension and a 10-4M KN03 silica suspension. There is a clear difference in the settling 
behaviour of the two suspensions. For a monodispersed particulate suspension the solid- 
liquid interface height falls at a constant rate (equally spaced profiles). This type of settling 
behaviour is observed for the Fuso particles dispersed in a 10 -4 M electrolyte. When the 
particles are dispersed in a IM KN03 electrolyte, the raw data profiles are visually very 
different (see figure 5.16a). Instead of having equally spaced settling profiles, the spacing 
between the light transmission profiles reduces over equivalent time intervals. Initially, 
there is a clear separation between the transmission profiles but this reduces over time with 
all profiles collapsing onto one another. Such a trend indicates that all the particles have 
fallen out of suspension and are within the sediment bed which has formed at the base of 
the measurement cell. A second difference between the two suspensions is related to the 
shape of the transmission profiles. In the IM KN03 suspension, it is no longer the case that 
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the light transmission value decreases sharply over a narrow distance. There is a more 
gradual reduction in the transmission value at different radial positions. This type of profile 
is more representative of a polydispersed particle suspension, where different particle 
settling rates result in zonal sedimentation. 
The settling profiles (figure 5.1.5) show that in a low concentration electrolyte solution, the 
settling rates are independent of the electrolyte type, which is to be expected when one 
considers the strength of the electrical double layer force acting between the particles (see 
figure 5.19). As the electrolyte concentration increases, a decrease in the electrical double 
layer force lowers the energy barrier for interaction, thus enabling aggregates to form. Such 
behaviour results in a significant enhancement in the sedimentation rate of the suspension, 
an increase from 2mm/hr to nearly 50mm/hr. 
Table 5.2 Suspension sedimentation rates determined using the LUMiFugeW. Primary particle size 0.8 gm. 
Electrolyte Particle / Aggregate Settling rate 
d5o size (pm) (mm/hr) 
1M KN03 4.6 47.8 
10-4M KN03 0.8 1.9 
10-4M KCI 0.8 2.0 
a 
Figure 5.16 Sedimentation profiles collected using LUMiFuge* technique. Axes - Cell position versus % 
Transmission. Cell base at 114mm, cell top at 92mm- Colour change from red to green with time. a) IM 
KN03, b) 10-4M KN03. Data collected at 300rpm, equivalent to I Ixg. Solids concentration 0.5% by volume 
at pH 6. 
As will be discussed later in chapter 7, aggregates which are formed due to the "fruitful" 
collisions between primary particles are shear sensitive. This shear can be generated either 
from fluid flow, such as in pipe flow or during sedimentation when the aggregates settle 
relative to the stationary fluid. In a settling column, aggregates will grow to a maximum 
116 
size before the aggregate mass exceeds the buoyancy force and the aggregate begins to 
settle. Depending upon the level of shear during sedimentation, the size of the aggregate 
can reduce in size during settling. With the Fuso aggregates experiencing enhanced 
sedimentation at I Ixg in the LUMiFugeg the settling rates were compared to settling rates 
measured at Ixg (collected from settling columns), to provide confidence in the 
LUMiFugeg data. 
The solid-liquid interface as a function of time for a IM KN03 suspension and 104M 
KN03 and KCI suspensions arc shown in figure 5.17. The settling rates determined from 
the linear portion of the profiles are given in table 5.3. Comparing the visually determined 
settling rates to those measured using the LUMiFugeg there is little difference, thus 
confirming that the aggregates formed in the IM KN03 suspension do not break-up during 
the centrifuge measurement. 
Table 5.3 Visually determined suspension sedimentation rates. Primary particle size 0.8 pm. 
Electrolyte Particle / Aggregate Settling rate 
d5o size (pm) (mryVhr) 
IM KN03 4.6 46.6 
104M KNO3 0.8 1.87 
104M KCI 0.8 1.86 
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Figure 5.17 Visually determined settling profiles a) 1M KN03 suspension b) 10-4 M KN03 suspension and c) 
104M KCI suspension. 
The settling profiles shown in figure 5.17 also provide information on the consolidation 
behaviour of the sediment. For the two dispersed suspensions, 10-4 M KN03 (5.17b) and 
10-4M KCI (5.17c) there appears to be no consolidation of the bed. This is expected due to 
the efficient packing of particles when the repulsive force is significant. Because the 
particles do not "stick" on contact, they are able to slide past one another forming 
compacted sediments. As the sediment bed depth increases, the bed loading cannot 
overcome the compressive yield strength of the sediment, hence no consolidation. In an 
aggregated suspension the attractive potential dominates the interaction, forming fractal, 
open porous structures. As the aggregates settle they form an open porous bed due to the 
porosity of the aggregates, and the inefficient packing. The open porous structure can then 
be consolidated when the bed load stress exceeds the compressive yield strength of the 
network. As is shown in figure 5.16a, a rapid decrease in the solid-liquid interface height is 
followed by a much slower reduction in the solid-liquid interface height. This region is 
50 100 150 
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0 so 100 ISO 
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known as the region of sediment compaction (consolidation) and has a settling rate much 
lower than hindered settling. For the settling experiments considered here, the 
consolidation time for a dispersed suspension is negligible, while for an aggregated 
suspension the consolidation time is in excess of 40hrs. Clearly, as the suspension height 
or solids concentration varies, the consolidation time will also vary. 
The packing structure of a sediment bed is determined by the number of particle-particle 
contacts and the strength of each contact. In order to determine the effect of the particle- 
particle contact energy on the sediment structure, the gel point is to be measured. Figure 
5.18 and table 5.4 show that the gel point is very sensitive to the electrolyte concentration. 
At low electrolyte concentrations the primary particles are able to pack more efficiently 
forming a dense, tightly packed structure with a high solids volume fraction. At high 
electrolyte concentrations it is typical for aggregates which form under DLCA conditions 
(refer to section 2.4), to produce an open porous structure with no possibility of further 
rearrangement to form a more compacted sediment (at this point the reader should be 
reminded that the gel point is a measure of the bed structure in the absence of any 
consolidation - refer to chapter 4). As these aggregates settle they form a voluminous 
three-dimensional structure with a high void ratio, and therefore, a lower gelling point. At 
low electrolyte concentrations the suspension gel points are within 10% of each other and 
can be considered equal within experimental error. Although the two gel points in low 
electrolytes are within error, it should be recognised that the slight difference which is 
observed corresponds to the differences observed in the zeta potential and shear yield stress 
measurements. Therefore, the anion effect at low electrolyte concentrations is once again 
observed. 
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Figure 5.18 Gel point determination given byao'h. Symbols:, square - IM KN03 (0.29), circle - 
10'4M 
ah. o 
KN03 (0.47) and triangle - 10-4 M KCI (0.44). Suspension gel points given in brackets. Units of h (mm). 
Table 5.4 Suspension Gel Points 
Electrolyte Particle / Aggregate Gel Point 
d5o size (pm) (% solids vol. ) 
1M KN03 4.6 29 
10'4MKN03 0.8 47 
1U4M KCI 0.8 44 
5.6 Normal and Lateral Force Interactions 
Figure 5.19 shows typical AFM retraction force curve data between two silica surfaces, and 
figure 5.20b shows frictional forces measured as a function of the applied load. There is no 
significant difference between the retraction force curves at low electrolyte concentrations, 
with the interaction staying purely repulsive with no adhesion. At high electrolyte 
concentrations the long range repulsive force is screened and an adhesion force of 4.6nN is 
measured during retraction. 
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A minimum contact force of 29nN is required to bring the two surfaces into intimate 
contact. All lateral force experiments were completed at higher loadings with the sliding 
motion of the two partially hydrophobic silica surfaces representing stick-slip type 
behaviour, as shown in figure 5.20a. At high electrolyte concentrations the linear 
dependence of the friction force on the applied load obeys Amonton's law 1541 . The 
drift 
from a linear dependency at low electrolyte concentrations is most likely due to low signal 
to noise, as the sensitivity limits of the set-up are approached in the low loading regime. 
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Figure 5.19 Typical retraction force curve data. Symbols: square IM KN03 pH6, circle 10-4M KN03 pH6 
and triangle 10'4M KCI pH6. Pull-off force in IM KN03 electrolyte solution equal to 4.6nN. 
It is not expected that the differences in the frictional forces measured at low electrolyte 
concentrations are a result of cross contamination or surface smoothing, since the 
experimental programme was carefully designed to remove any such issues. With limited 
data at low electrolyte concentrations obeying Amonton's law, it is however difficult to 
conclusively state that the difference in the frictional forces as a function of electrolyte type 
are real. 
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Figure 5.20 a) typical loop data of lateral force measurement exhibiting stick-slip behaviour. Data: IM KN039 
500nm scan, 9V loading. Trace solid line, retrace broken line. b) the relation of the lateral force versus 
applied loading for a 29gm silica particle and a silica wafer. Pull-off force in IM KN03 electrolyte solution 
equal to 4.9nN. Symbols: square -IM KN03. circle - 10-4M KN03. triangle - 10-4M KCI. 
J551 The experimental data is compared with data published by Taran et al. . Taran et al. 
investigated the lateral force interaction between two silica surfaces in 10-3 M NaCl at p1l 
5.6 and pH 10.6 (see figure 5.21a for published data). For both suspensions the authors 
observed a linear relationship with applied load. However, for the suspension at pH 10.6 a 
critical load is reached where the linear relationship no longer holds. The authors explain 
these observations in relation to the silica gel layer which can be present on the surface of 
the oxide. In the low loading region the gel layer effectively creates a lubrication layer, 
with water molecules freely moving between the two surfaces, thus the surfaces slide over 
one another with little interaction force. Above the critical load in the pH 10.6 suspension, 
the authors conclude that the loading force is sufficient to push the two gel layers into 
intimate contact which results in the "hairy" layers interacting, thus increasing the lateral 
force of interaction. This study was specifically chosen as it shows typical data on the 
lateral forces acting between silica surfaces when a gel layer or hydration layer is present. 
As discussed previously the manufacturing processes of the silica used in the current study 
(Fuso silica and the 29gm sphere used in the AFM study) have resulted in oxide surfaces 
which are partially hydrophobic and do not appear to be influenced by any of these 
"complicated" surface chemistries of silica which are so frequently discussed. Figure5.21b 
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compares the data in the current study to the data of Taran et al. 151.561 . For the same applied 
load it is clear that the silica-silica interaction in the current study produces a significantly 
greater lateral force interaction. Once again this data supports the belief that the surfaces 
are partially hydrophobic and not influenced by any hydration layer. 
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Figure 5.21 a) Lateral force as a function of the applied load at pH 5.6 (solid squares) and pH 10.6 (open 
squares) between a 201im silica particle and a silica wafer. Figure taken from reference 1561 . b) Comparison of 
experimental data in the current study with Taran et al. 1561. Symbols: crossed circle -IM KN03 pli 6, open 
circle 10-4M KCI pl-16, solid circle 10-4M KN03 pH, closed and open squares refer to symbols used in (a). 
The AFM data collected in this study indicates that the primary particles dispersed in aIM 
electrolyte will interact with each other (small adhesion force), while a purely repulsive 
interaction between two silica surfaces in the presence of a 10 4M electrolyte prevents any 
adhesion, thus the particles in suspension remain dispersed. The data is supported by 
images of the particles dispersed in a low concentration and a high concentration electrolyte 
(refer to chapter 4 and 7). In chapter 7 when studying the turbulence properties of the 
colloidal suspensions, it is observed that the level of turbulence is influenced by aggregate 
break-up which is initiated at a critical Reynolds number. This critical Reynolds number 
relates to a fluid shear stress which is sufficient to overcome the interaction force between 
the primary particles in the aggregate. If the adhesion force is increased (eg. dispersed in 
di- or tri-valent salts) it would be expected that this critical shear stress will occur at a 
higher Reynolds number. The direct relationship between a single particle-particle 
interaction and the break-up of an aggregate is difficult to achieve and to the authors 
knowledge has not received any attention in the literature. 
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5.7 Conclusion 
This chapter has provided detailed characterisation of the silica used in the current study. 
Characterisation of the silica and suspensions was necessary to identify chemical 
environments which would provide contrasting suspension properties when in the pipe 
loop. Clearly, the change in the electrolyte concentration from 10 4M KN03 to IM KN03 
would provide such contrasting behaviours, and this has been observed in the shear yield 
stress, settling, gel point and force interaction studies. Of particular interest and novelty 
has been the results collected when the electrolyte concentration remains at 10-4 M, but the 
co-ion type is changed from N03- to Cl'- Changes in the zeta potential would not have been 
expected as the counter-ion which has a greater affinity of attraction for the silica surface 
remains constant K+. As a result, one would expect the surface potential to be equivalent in 
both cases. However, a difference was observed at low pH's and this has been explained in 
terms of the ion-dissociation properties of the salt. KBr was briefly used in the study to 
provide support for this theory, as the ion dissociation constant for KN03 could not be 
located within the published literature. When considering all of the data, the anion effect is 
observed in the zeta potential, shear yield stress and gel point studies. However, in the 
sedimentation and force interaction studies the effect does not appear to be as great, 
considered within error. Such behaviour may be related to the solids concentration and the 
proximity of neighbouring particles. For example, the shear yield stress and the gel point 
results are influenced by particles sliding past one another to a more energetically stable 
position, thus altering the network structure and in doing so changing the yield strength of 
the sediment. If we use the 10-4M and IM situation (KN03) as an example, the shear yield 
stress and gel point are significantly lower in the higher electrolyte suspension. This is a 
result of inefficient packing due to particles not being able to slide past one another upon 
contact, unlike in the lower electrolyte suspension where the particles are free to slide past 
one another, a result of the strong electrical double layer force acting between the 
neighbouring surfaces. When considering the behaviour of the low electrolyte 
suspensions, this mobility (ie. the ability for one particle to slide past another) of particles 
upon contact may provide reasoning for the experimental trends. At pH 6 the zeta potential 
of the 104 M KN03 suspension = -70mV, while the zeta potential of the 10 
4M KCI 
suspension = 47mV. With a reduced surface potential it is feasible that the mobility is 
lower and therefore the packing efficiency of the bed is reduced. In a dilute system such as 
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a settling column or a single particle-particle interaction measured using an AFM, it is 
possible that this mobility effect is not observed as the solids concentration is too low. To 
the author's knowledge this type of behaviour has never been discussed in the literature. In 
order to fully validate this theory a more in depth experimental programme is required 
which may involve considering different oxide surfaces. 
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Chapter 6 
TRANSPORTATION PROPERTIES OF 
DISPERSED AND AGGREGATED 
COLLOIDAL SUSPENSIONS 
NOMENCLATURE 
a Radius of particle 
a+ Dimensionless particle radius 
CD' Dimensionless drag coefficient 
CL, Dimensionless lift coefficient 
C', Mean in-situ slurry concentration 
Cli" Solids concentration in incipient deposit 
C Solids concentration 
D Diameter of pipe 
D' Effective pipe diameter 
dp Diameter of particle 
d85 Diameter of particle 85th percentile 
E Erosion rate per unit area 
F Lift force 
F, aff Saffman lift 
force 
FL Flow parameter 
FD' Longitudinal drag component 
FL' Vertical lift component 
FL+ Dimensionless lift force 
fi2 Friction factor at the surface of deposit 
9 Gravitational acceleration 
M Erosion rate coefficient 
S Density ratio of solid to liquid 
U, Terminal settling velocity 
UC Undisturbed flow velocity at the centre of the particle 
U+ Dimensionless velocity 
UP Turbulent fluctuating velocity 
(uw)v, Wall shear velocity calculated for the minimum transport velocity 
V Mean velocity 
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V, Relative velocity between particle and fluid 
V* Friction velocity 
V, Pseudo-homogeneous - homogeneous transition velocity 
V2 Heterogeneous - moving bed transition velocity 
V3 Moving bed - stationary deposit transition velocity 
V4 Stationary deposit - pipe plugging velocity 
V, Critical transport velocity 
V, * Friction velocity calculated at the minimum transport velocity 
V Kinematic viscosity 
7 Thickness of incipient deposit 
Y+ Dimensionless distance from the wall 
a Eddy velocity dampening constant 
PI Density of fluid 
PP Density of particle 
PM Density of mixture 
P Dynamic viscosity 
PM Dynamic viscosity of mixture 
ES Coefficient of particle wall -friction 
11 Coefficient of rigidity 
T Applied shear stress 
TY Yield stress 
Tb Bed shear stress exerted by fluid 
rc Critical bed shear stress 
K Velocity gradient 
Ah Change in bed height under shear 
ABREVIATIONS 
Re Reynolds number 
PIV Particle imaging velocimetry 
UDVP Ultrasonic Doppler velocity profiling 
ERT Electrical resistance tomography 
AFM Atomic force microscopy 
Synopsis 
The transportation properties of dispersed and aggregated colloidal suspensions are 
investigated. The chapter discusses the hydraulic transportation of fine particulates. Fine 
particle transport has received little attention in the literature, as it is generally considered 
that the suspension properties of Newtonian slurries can be determined from rheological 
measurements. Very few studies have investigated the minimum transport velocity of 
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fines, with only a few correlations developed experimentally and theoretically considering 
such particle sizes. This chapter investigates the minimum transport velocity of 0.89m 
silica spheres dispersed in 10-4M KN03 and 10-4M KCI electrolytes, and silica aggregates 
dispersed in a IM KN03 electrolyte. The minimum transport velocity is determined by 
extrapolating the sediment bed transition velocities (slurry velocity at the onset of bed 
erosion) to remove the effect of the sediment bed. To the authors knowledge this is a novel 
approach when determining the minimum transport velocity. 
6.1 Hydraulic Transport 
The hydraulic transport of solids by pipeline has received considerable attention throughout 
the last century. With suspensions and slurries ubiquitous within the process industry, the 
research has mainly been driven by industrial needs. The research papers of Blatch 11, and 
Durand et al. [2,31 are commonly cited, with their work generally regarded as being the 
foremost studies in hydraulic transport research. Their research based on sand and coal 
water slurries examined the effect of solids loading and particle size on the slurry hydraulic 
gradient and the critical transport velocity. Both research topics have since received much 
attention with numerous empirical and theoretical models developed to predict the pressure 
drop and the onset velocity for particle deposition in horizontal pipe now. in reviewing the 
literature it becomes apparent that a universal model to predict the pressure drop and the 
transport velocity is most improbable; all models showing some specificity to process and 
particle parameters. In the present study, we are only concerned with the minimum 
transport velocity of colloidal suspensions. A discussion on pressure drop correlations, 
which are important when deten-nining the energy requirements of a pumping process, are 
considered beyond the scope of this work. Readers are referred to the following 
publications [4-61 , and the publications by Wilson et al. [7,81 who predicted the pressure drop 
for settling slurries using force balances, refer to two layer and modified two layer theory [81 - 
Classification of a slurry flow is generally divided into four now regimes to describe the 
movement of solids in a pipe, with an additional fifth regime tenuously used to account for 
pipe plugging. The four commonly referred to flow patterns are pseudo-homogeneous 
now, heterogeneous flow, moving bed flow and saltation flow. Pseudo-homogeneous and 
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heterogeneous flows are common when the buoyancy/lift forces significantly exceed the 
gravitational/sedimentation forces, thus enabling the solids to be distributed across the pipe 
cross-section. Unlike pseudo-homogeneous flow, heterogeneous flow, a term still used to 
describe fully suspended flows is characterised by a concentration gradient perpendicular to 
the pipe axis. As the flow velocity is reduced, the ratio between the balancing forces adjusts 
accordingly and a situation is observed where the solid particles begin to accumulate on the 
pipe invert. With the mechanical friction force between the pipe and the sediment bed 
exceeded, the sediment bed continues to slide along the pipe invert, with a concentration 
gradient varying from maximum packing in the lower layer, to a minimum in the 
heterogeneous suspension flow. With a further reduction in the flow rate, the critical 
energy required to keep the sediment bed in motion is deceeded and a stationary deposit is 
formed. At the surface of the stationary deposit, particles are observed to slide and hop past 
one another, with the flow described as saltating. In saltation flow the solids concentration 
above the bed is common to the heterogeneous flow regime, though the concentration 
profile is much steeper than in other flow regimes E93. Between each flow regime there is an 
associated transition velocity. As the flow rate is reduced, the first transition velocity V1, 
pseudo-homogeneous - heterogeneous, is commonly determined through visual inspection 
or comparison of two pressure drop curves. V, is the measured velocity at which the slurry 
and the hydraulic curves diverge. V2 (heterogeneous - moving bed), V3 (moving bed - 
stationary deposit) and V4 (stationary deposit - plugging) are three transition velocities 
which lie in close proximity of each other, with the demarcation between each velocity by 
visual inspection is difficult to ascertain. However, V3 and V4 tend to be overlooked in the 
literature with the perceived belief that V2 is the most significant transition velocity, 
describing the onset of undesirable operating conditions. V2 is commonly interchanged 
with the term critical velocity Vc 1103 , which identifies the velocity between non-deposit and 
deposit flow. Researchers have also used the following terms, 'minimum transport 
velocity' [11,121, 'deposit velocity' [13-1 51 and 'limit deposit velocity' [161 when describing V2. 
Table 6.0 summarises several models that are often used to predict the minimum transport 
velocity of dilute fine particulate suspensions. The number of correlations developed to 
calculate the minimum transport velocity of a suspension exceeds fifty [171 , but only a small 
proportion are applicable for fine particulate transport. The most relevant correlations for 
the transportation of fine particles in pipes are shown in table 6.0. 
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Table 6.0 Minimum transport velocity correlations 
Flow equation Comments 
Durand et al. VC FL - constant dependent on Eq. [6.01 (2,31 FL -- particle size and solids V-2gD (s - 1) 
concentration. 
Particle diameter (dp): 20ýtrri < 
dp < 100mm 
Pipe diameter (D): 40mm <D< 
700mm 
Spells [181 D 0.775 Particle diameter (dp): 50gm < dp Eq. [6.11 
V, = 
[0.0251gd8s ) 
(S 
AM < 
50OPM 
0.816 
- 1)] 
Thomas [19] Ut dP (U f)VC P1 2 61 Particle diameter (dp): 0.74ým < Eq. [6.2] . 0.0083( (U. ) 
V, 9 
dp < 66gm 
Particle density (p): 1.35g/cc <p 
< 18.9g/cc 
Pipe diameter (D): 25mm <D< 
I 00mm 
Solids concentration (%vol): 
0.01-0.17 
Thomas [131 [, qU(pp _P) 
1/3 
, 'ýL L l -PII 
dp << 0.3 6 Eq. [6.31 
1 V 1. 
I 
p 
-ý 
I 
Un-flocculated particles 
Applicable up to 20% by volume 
Davies [20] VC n=4when I <Rep< 10 Eq. [6.4] 
1.08(l + a'c)1.09(i ct 3.64 
0.09 2AO. S4 
C) 0.55n 
11 0-1'3 1119ip] D 0.46 
-d 
P 0 PP 
[21] Gillies V2 
C 
Eq. [6.51 
1.33 g(S IfI21 
(CUM - CI) (1 - Cu. ) 
(1 - Cum - C, ) 
+ C, (S - 1))] 
s, density ratio of solid to liquid 
(u,, )v, , wall shear velocity calculated as for the minimum transport velocity 
Ut, terminal settling velocity 
V, *, friction velocity calculated as for the minimum transport velocity 
8, thickness of viscous sub-layer 
a', eddy velocity dampening constant 
y, thickness of the incipient deposit 
E,, coefficient of particle - wall friction 
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mean in-situ slurry concentration 
ClIm, concentration in the incipient deposit 
f12, friction factor at the surface of the deposit 
Thomas 1191 also provides a transport correlation for 'suspensions in compaction', where 
the solids concentration exceeds the suspension gel point (refer to chapter 4). The minimum 
transport velocity for suspensions in compaction is identified as the onset of a radial 
component of momentum transport, and is generally considered as the turbulence transition 
velocity. This critical velocity which is related to an effective Reynolds number (NRC) 
which is defined by: 
N DVcpl Re 1+g D ry 
6VCV 
[6.6] 
where U is the coefficient of rigidity, Ty the yield stress, D the pipe diameter, V, is the 
critical transport velocity and NRe is calculated following the procedure outlined by Thomas 
[19,221 which involves the Hedstrom number and the Fanning friction factor. A comparison 
between theoretical and empirical minimum transport velocities for flocculated thorium 
oxide and kaolin suspensions showed that the calculated Reynolds number consistently 
under predicts the minimum transport velocity by 10% to 60%. The author attempts to 
explain such differences in terms of turbulent/laminar slugs in the transitional flow regime 
(intermittent turbulence). Equation 6.2 is the corresponding model proposed by Thomas to 
calculate the minimum transport velocity of dilute suspensions (not sediments in 
compaction) in the hindered settling region. The correlation by Thomas includes a solids 
settling velocity: friction velocity ratio, where the friction velocity accounts for turbulent 
fluctuations in the flow acting to maintain the particles in suspension. Through 
dimensional analysis, Thomas[191 showed this ratio to be equal to a modified Reynolds 
number where the coefficient and exponent are experimentally determined. 
Durand's correlation "3 is frequently used within the hydrotransport community. Although 
it only provides a very simple interpretation of the suspension properties, it has been proven 
to be reasonably accurate when determining the minimum transport velocity for a wide 
range of solid-liquid systems. The correlation is based on the minimum transport velocity 
of sand and coal slurries in pipes ranging from 40mm to 700mm in diameter, transporting 
particles in the size range of 20ýtm to IOOMM, up to a solids concentration of 15% by 
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volume. Durand's approach for calculating the minimum transport velocity relies on 
graphically determining a flow constant FL, which is a function of the particle size and 
solids concentration (see figure 6.0) ,a schematic representation of the FL versus 
dp plot 
adapted from the original publication [3]) . Refer to equation 6.0 for the Durand correlation. 
FL 
Increasing Solids 
Concentration 
dp 
[231 Figure 6.0 Variation of parameter FL with particle size. Figure redrawn from reference . 
The theoretical model proposed by Thomas 
[131 
adapted the sliding bed model of Wilson 
[7, 
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, with Thomas accounting for uncertainties in the theoretical predictions when the 
thickness of the viscous sub-layer exceeds the particle diameter (fine particle transport). 
Wilson's model does not account for deposition in the viscous sub-layer leading to a lack of 
agreement between experimental and theoretical data as the particle size is reduced. 
Particles that reside in the sub-layer are influenced by turbulent eddies and viscous forces 
which act to keep the particles in motion. Simple substitution to account for the thickness 
of the viscous sub-laycr results in a theoretical expression where V, 0.931"gy(PP-Pol", L p2l J 
However, from experimental comparison, relating the theoretical expression to the 
minimum transport velocity of 17gm and 26gm sand particles, Thomas adjusted the 
coefficient to 1.1 which led to a better fit (± 10%) with the experimental data up to a solids 
concentration of 20% by volume (see equation 6.3 for published correlation). 
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Davies 1201 developed a theoretical expression (equation 6.4) based on turbulence theory. 
He related the sedimentation force (Q! 
) d 3Ap9(1 - C)n) to the eddy fluctuation force 6P 
(U, )2 7rd2 (PL ()). For the limiting case where all particles are just lifted from the pipe 4 
bottom by turbulent eddies, the two opposing forces are balanced. The turbulent 
fluctuating velocity (u) which is related to the cubed root of the power dissipation per unit 
mass of fluid [251 and the eddy size, is then used to determine the mean flow velocity of a 
particle down to Rep = 1. 
There is a clear lack of agreement when predicting the minimum transport velocity (see 
figure 1.0 - Introduction). Such disagreement has been identified and discussed by many 
authors [15,26,271 with criticism aimed at the lack of systematic studies completed, and 
inconsistencies when defining the boundaries of applicability. Direct and indirect 
measurement techniques, and techniques of varying sensitivity can provide a source of 
disagreement (Direct visual observation, observation of the flow regime in transparent 
tubes is the more commonly used technique to determine the minimum transport velocity). 
A typical approach to determine the minimum transport velocity through direct 
visualisation is to start with a high flow velocity so that all solids in the pipeline are 
suspended. The mean velocity is then reduced until the first sediment is observed to slide 
along the pipe invert. The velocity is then increased slightly to re-suspend the solids and 
lowered again to a velocity slightly higher than the sliding bed velocity. The procedure is 
continually repeated until the system operates for a period of time with no sliding bed, with 
the suspension transported under saltation flow conditions 1191. Obviously, the outcome is 
significantly influenced by the judgement of the operator and the thoroughness to which an 
experimental procedure as described is upheld. Indirect measurement techniques in-part 
removes the judgement of the operator. The minimum in the pressure drop versus velocity 
curve is an indirect technique that is sometimes incorrectly applied to determine the 
minimum transport velocity. In most cases the minimum pressure drop is associated with a 
velocity that is slightly higher than the minimum transport velocity [281 . However, 
in their 
review on the effect of solids concentration and particle size on the minimum transport 
velocity, Parzonka et al. [141 only considered data obtained by direct visual observation. The 
author stated that the indirect approach of measuring the slurry pressure drop is too 
unreliable, referring to data sets that either exhibit a flat minimum, significant scatter 
138 
around the minimum due to flow instabilities, or in some cases no minimum when the 
minimum transport velocity for sand and coal slurries has been deceeded. More recently 
the introduction of deposition probes, gamma ray gauges and magnetic resonance imaging 
[291 techniques are helping to reduce these uncertainties associated with indirect 
measurement of the minimum transport velocity. 
With limited agreement between correlations when predicting the minimum transport 
velocity, there is a need not only to improve upon the measurement protocol, but to also 
improve upon controlling the slurry properties. The present study aims to highlight the 
desired control which should be achieved when studying slurry systems. In order to 
improve upon this continual lack of agreement between data sets, improvements in the 
experimental approach are required. For example, a considerable number of the minimum 
transport velocity correlations include a particle size parameter. However, there is generally 
no accountability in the correlation for the poly-dispersity of the solid. The degree of poly- 
dispersity can have a significant effect upon the suspension viscosity, the suspension 
settling rate and therefore, the slurry transportation properties. In this study model 
particulate slurries where the physical and chemical, and process parameters are sensitively 
controlled are investigated. The data sets generated should therefore form a small but 
significant contribution to future hydraulic transport research. 
6.2 Influence of solution-chemistry on the transportation behaviour of solid-liquid systems. 
In reviewing the literature it becomes clear that the hydrotransport community has shown 
little interest in controlling the chemical properties of the continuous phase to manipulate 
the flow properties of the dispersed phase. However, with many industries pumping 
extremely fine material, the hydrotransport community is starting show to awareness for 
this type of research. The originality of the current study will address some of the 
requirements for this relatively new area of research. 
Although there has been limited research in modifying the solution chemistry to influence 
the pipe flow properties of slurries, this field of research within the hydrotransport 
community does date back to the 1970's. Researchers that have been reasonably active in 
this field are Horsley and co-workers. Horsley and Reizes 1301 published a paper titled 
"Variation in head loss gradient in laminar slurry pipe flow due to changes in zeta 
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potential". Pumping silica with a mean particle diameter of 17[tm, Horsley and Reizes 
were able to achieve some degree of control on the particle-particle interaction. By 
adjusting the pH of the sand slurry between pH 6 and pH It, the author observed a 
measurable change in the head loss gradient. Above a certain solids concentration (> 30% 
by volume), the author was able to modify the slurry hydraulic gradient curve to approach 
the hydraulic gradient line of a sediment free flow by increasing the suspension pH. The 
author's recognised that the change in the hydraulic curve with pH is associated to a 
decrease in the silica zeta potential, and therefore a reduction the degree of flocculation. 
Plotting the head loss gradient as a function of the zeta potential, a decrease in the zeta 
potential resulted in a gradual reduction in the head loss gradient for velocities between 
0.3ms-1 and Ims". When in the turbulent flow regime the hydraulic curves collapse onto 
one another as the particle-particle interactions are overcome by the fluid shear. This study 
highlights the lack of control achieved on the physical and chemical properties when 
studying fine particulate slurries in pipelines. The author's chose to use a silica suspension 
which had a wide polydispersity, containing particles in excess of 100pm (non colloidal). 
The sand is then dispersed in tap water (varying conductivity and dirt) with no background 
electrolyte (ionic concentration varies with pH adjustment). As a result there are many 
important variables which are not controlled which will influence the strength and number 
of particle-particle interactions in the suspension. 
Additional pipe loop studies by Horsley include work on gold slime tailings [311 where the 
flow properties are influenced by the addition of additives. Additives such as sodium 
phosphate, sodium hexametaphosphate, sodium oyrophosphate and sodium 
tripolyphosphate are observed to reduce the suspension viscosity and therefore the 
hydraulic pumping gradient. 
Additives (slurry thinners) have also been studied by Macinnes [321 who investigated their 
effects on the slurry rheology of a chalk suspension transported down a 92km pipeline from 
Kensworth Quarry to the Rugby cement plant in the United Kingdom. Current approaches 
to treating the suspension prior to pumping have frequently resulted in pipeline blocking. 
Several additives were investigated to obtain the desired behaviour of lowering the 
suspension viscosity for pumping, while retaining a low enough yield stress to keep the 
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particles in suspension. Sodium lignosulphonate was chosen to replace the existing dosing 
additive. 
So far the discussion has considered the use of additives as a rheological modifier to reduce 
the energy requirements of pumping. An insightful paper by Heywood and Alderman 
[331 
considered the use of mechanical agitation to modify the rheological properties of the slurry 
prior to pumping. Thick pastes tend to exhibit non-Newtonian flow behaviour. That is, 
slurries can either shear thin (a gradual decrease in the apparent viscosity with increasing 
shear rate) or shear thicken (a gradual increase in the apparent viscosity with increasing 
shear rate). Many mineral and oxide suspensions exhibit shear thinning behaviour. By 
agitating the slurry in a mixing vessel prior to pumping, it is possible to break-up the 
particulate network, thus reducing the apparent viscosity and therefore the energy 
requirement for pumping. The paper only provides a review of this topic but does not 
provide "real" examples where such a technique has been proven. 
During pipeline shutdown the interaction potential between fine particles can influence the 
start-up and operating performance of a pipeline. Plewa. et al. [341 investigating fly ash 
suspensions (69% below 0.06mm) showed that the consolidation time of a sediment bed 
can significantly influence the pressure gradient upon start-up and the time taken to reach 
steady state flow velocities. Clearly, the time to reach steady state conditions is a function 
of the interparticle interaction and the degree of sediment bed consolidation. The results 
presented in the paper are very confusing and rather limited. The introduction of cement to 
the fly ash can have varying effects upon the time to reach steady state conditions. The 
author however does not interpret the data very well thus a conclusive interpretation of the 
influence of cement on the fly ash sediment cannot be drawn. 
When transporting fine particulate suspensions, consideration should not only be given to 
the particle-particle interaction (agglomeration) but also to the particle-wall interaction. 
Depending upon the chemical nature of the fluid, the surface charge of the particle and the 
wall may be different leading to an attraction potential, and thus, a build-up of particles on 
the pipe surface at a flow rate which exceeds the minimum transport velocity. Williamson 
et al. 1351 studying the deposition of haematite particles (0.2[tm) in the vertical section of a 
stainless steel pipe loop showed that the initial deposition rate of haematite particles at a 
constant flow velocity (Re =I 1000) is a function of the suspension PH. At low pH's (PH 
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3.7 - pH 5.3) there is no deposition of particles onto the stainless steel surface. 
At 
intermediate suspension pH's (pH 5.5 - pH 7.0) the initial deposition rate of the haernatite 
particles passes through a maximum before decreasing once again as the suspension pl-I is 
adjusted to more basic conditions. The particle deposition rate was determined using a 
Gamma ray counting technique which is described in detail by the author in his PhD thesis 
[361 
Vasak et al. [371 investigated the deposition rate of silica spheres onto the surface of a 
rectangular channel under laminar (Re = 960) and turbulent (Re = 16040) now conditions. 
The glass surface (channel deposition surface) was positively charged after coating with a 
cationic polymer (2 - vinylpyridine/styrene). Silica spheres (0.88ým) were dispersed in 
NaCl and pH adjusted using NaOH to produce one silica sample with a zeta potential of 
-75mV and a second silica sample with a zeta potential of -46mV. By measuring the initial 
particle deposition rate on the channel surface (deposition rate determined by counting the 
number of particles in a 78gm by lOlVm field of view collected using a microscope), the 
author showed that transition from laminar to turbulent flow conditions caused a reduction 
in the initial deposition rate. When comparing the deposition data for the two silica 
suspensions, the data suggests that the under laminar flow conditions, the deposition of 
particles onto the glass surface is independent of the potential difference between the silica 
and glass slide. However, when the flow velocity is increased in to the turbulent flow 
regime, the difference in surface potentials influences the level of particle deposition. For 
the same flow Reynolds number, the more negative silica (-75mV) has a greater affinity of 
attraction for the positively charged glass surface and as a result more particles are 
deposited. The data below (figure 6.1) shows that 0.88pm silica spheres are still depositing 
onto the glass surface when the flow Reynolds number exceeds Re = 12000. 
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Figure 6.1 Particle deposition rates as a function of the channel Reynolds number. Figure redrawn from 
reference (371. Symbols square (-75mV), circle (-46mV). 
Another field of research which has received some attention in the literature is the transition 
point from a laminar to turbulent flow regime for a slurry containing fine particles. 
1381 Investigating the flow properties of kaolin suspensions, El-Nahhas et al. showed that the 
laminar/turbulent transition velocity can be significantly increased from 0.9ms-1 to greater 
than 8msýl when the slurry solids volume concentration is increased from 8.9% by volume 
to 22.6% by volume. Such a significant increase results from particles structuring within in 
the suspension. To the author's knowledge there is no published research which has shown 
how this transition velocity can be "shifted" by sensitively controlling the particle-particle 
interaction potential. 
Further research which is indirectly related to the transportation of fine particulate 
suspensions, is the study of sediment bed erosion rates. With an increase in the flow 
velocity a sediment bed can undergo gradual surface erosion where the rate of erosion is 
typically expressed as [391 : 
M 
(lb 
[6.71 rc 
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where E denotes the erosion rate per unit area, Tb the bed shear stress exerted by the fluid, 
and M and rc which are dependent upon the physiochernical parameters of the sediment, 
define the erosion rate coefficient and the critical shear stress of erosion respectively. 
Ravisangar et al. [391 looked at the effect of suspension pH on the erosion rate of kaolin 
sediments. Preparing kaolin suspensions (d5O = 2gm) in tap water, the pH was adjusted 
between pH 3 and pH 9 using H2SO4 and NaOH. An increase in the suspension pH resulted 
in a decrease of the kaolin zeta potential, which corresponded to a reduction in the water 
content of the sediment bed. Kaolin is an interesting colloid as the behaviour of the 
suspension is complicated by the heterogeneously charged edges and faces on each particle 
[401. In the study of Ravisangar et al J391 a dramatic reduction in the sediment bed water 
content was observed at pH 6 when the zeta potential decreased below -30mV, and the 
edge-face associations that are dominant in low pH conditions, are replaced by 
predominantly face-face associations resulting in a more densely packed sediment. 
201 
151 
. Z- 
10 
n 
0.015 
4- 
0.010 
m 
0 
2 0.005 
LU 
C 
13 
6 
pH 
b 
0 
20 E 
m 
30 
0 IL 
40 -M (D 
N 
50 
pH 
144 
Figure 6.2 a) Kaolin bed water content and particle zeta potential as a function of the suspension p1l, b) Initial 
[391 
erosion rate as a function of sediment pH. Figure redrawn from reference 
Figure 6.2 b shows the change in the initial sediment bed erosion rate as a function of 
sediment pH for an equivalent flow velocity. At pH 4 the initial erosion rate is low due to 
the strong edge-face associations preventing surface erosion. A pH 9 an equivalent erosion 
rate is measured when face-face associations are dominant leading to a higher sediment 
density. At the intermediate pH's, the erosion rate passes through a maximum as the total 
interaction strength reduces during reorientation of particles from an edge-face to an edge- 
edge association resulting in a weaker sediment bed structure. 
In reviewing the hydrotransport literature there are very few studies where the particle- 
particle interaction energy is controlled. There is a clear desire to optimise pipeline 
operations by influencing the strength of the interaction, but to date researchers have not 
introduced the careful control which is needed to ensure that their systems are influenced 
by only one variable. In the current study we aim to overcome many of these issues by 
finely controlling the suspension properties. 
6.3 Fine Particle Re-Suspensio 
With a continual reduction in the mean flow velocity below the minimum transport 
velocity, there is an associated increase in the deposition of solids from suspension. If the 
flow velocity ceases before the pipeline becomes plugged a sediment bed will form on the 
pipe invert. The process whereby the negatively buoyant particles are re-entrained back 
into the bulk fluid in the presence of shear is known as re-suspension. Re-suspension 
occurs when the lift force exceeds the submerged weight force of the particle, and for fine 
particles both viscous and turbulent re-suspension effects are to be considered. 
Viscous re-suspension occurs at sufficiently low Reynolds numbers that the flow is fully 
laminar and inertial effects are insignificant [4 ". The first study investigating such 
phenomena was conducted by Gadala-Maria [42] looking at the viscous properties of coal 
suspensions. Using a parallel plate device the viscosity of the settled suspension was 
observed to gradually increase and reach equilibrium under gentle shear, signifying the re- 
suspension of the settled layer of particles. Leighton and AcrivoS[41) , and Chapman and 
Leighton [41,431 explain such behaviour in terms of a shear induced diffusion process. At 
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equilibrium, the downward flux of the negatively buoyant particles described by a modified 
Stokes' equation is balanced by a diffusive flux, which is proportional to the local shear 
rate and the particle radius squared. Through theoretical derivation the authors [411 conclude 
that once re-suspension of the settled bed has begun, the equilibrium height of the 
suspension can be defined by: 
Ah 
;: ts 2r or [6.8] 
a agAp 
'gApAh 
T 
[6.9] 
where Ah is the change in height of the re-suspended layer, T represents the applied shear 
stress and T is defined as the Shields parameter (ratio of the viscous force to the agAp 
gravitational force). The theoretical derivation is based on particles that are sufficiently 
large so diffusion due to Brownian motion can be neglected. Typical particle Reynolds 
numbers for viscous re-suspension experiments are of the order of 10 4. Experimental 
observations of the equilibrium bed heights of glass (43pm and 139pm) and polystyrene 
spheres (46pm) were used to verify the model. Using an annular parallel plate device the 
constant of proportionality for large Shield values (>5) was observed to equal 2.1. 
As highlighted by Chapman and Leighton [431 re-suspension due to shear induced diffusion 
is not to be confused with shear induced self-diffusion. Viscous re-suspension is due to 
particle interactions in contact loading where particles are 'pushed' from a region of high 
concentration to a region of low concentration. Shear induced self-diffusion however, is a 
term used to describe the random motion of particles as they bounce and roll over one 
another under shear. Hydrodynamic, thermodynamic and inter-particle interaction forces 
can all influence the shear induced self-diffusion process of fine particles. 
The drag and lift components of the hydrodynamic force acting upon a single stationary 
particle have been investigated by Feng and Michaelides [441 using the lattice Boltzmann 
method. The numerical simulation results were restricted to low shear Reynolds number 
flows (<50), with high shear Reynolds number simulations proving computationally 
intensive. The two forces were calculated as the dimensionless drag coefficient (CD'), and 
the dimensionless lift coefficient (CLT 
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FD I= FL 1 
[6.11] CD 0=- [6.101 CL 
d u2 2 p 
1, 
UC !Ppc 2 
Td 
where U, is the undisturbed flow velocity at the centre of the particle and FD', FL', are the 
longitudinal drag and the vertical lift components respectively. The simulations show that 
both the lift and drag components of the hydrodynamic force acting on a stationary particle 
are significantly influenced by free flowing particles, see figure 6.3. The simplest case of a 
single particle flowing past a stationary particle will be considered here. As the free particle 
approaches the stationary particle, both the drag and lift components acting on the 
stationary particle gradually increase. Just before the distance of closest approach is 
reached, the lift component passes through a minimum which is slightly negative. This 
negative value indicates that the free particle is acting to 'push' the stationary particle 
towards the boundary. With an equal and opposite force the free particle is thus lifted to a 
higher level preventing deposition. At the distance of closest approach the drag component 
passes through a minimum while the lift component increases rapidly. The maximum in 
the lift component which is approximately twice the value experienced at the 
commencement of the interaction occurs at a position almost symmetrical to where the 
minimum lift was experienced. The lift introduces a suction effect which acts to 'pull' the 
stationary particle from the boundary. With the separation distance between the stationary 
and free particle increasing, the force components reduce to their equilibrium values. The 
author explains the significance of these oscillating forces in the process sediment bed re- 
suspension. The negative lift component acts to cause a disturbance on the particles at the 
bed surface, with the incipient motion of the surface particles from a rapid increase in the 
lift force leading to additional lift components through particle rotation and particle 
collisions. 
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The lift force acting upon a particle can be separated theoretically in to a 'spin lift' or 'slip- 
shear lift'. Spin lift, commonly known as 'Magnus lift', results from a pressure distribution 
across the particle due to the velocity differential between the rotating particle and the free 
stream flow. The drag pressure acting upon the particle is lower when both the particle 
rotation and the free stream flow are acting in opposite directions; inducing turbulent 
separation of the boundary layer. Fluid is transferred from the high drag to the low drag 
region, pushing the particle in the - opposite direction. The force generated by an 
indifference in the particle and fluid rotation velocities acts perpendicular to the flow 
streamlines and the axis of rotation [45]. Slip-shear lift, more commonly referred to as the 
'Saffman I iftq [461, is applicable when the lift force is independent of particle rotation. 
Saffman derived the lift force for a single sphere moving through a very viscous liquid in 
an unbounded shear flow, considering small inertial effects to describe the sideways force 
on a single rigid sphere in creeping flow. The lift is generated by a pressure distribution 
across the particle in the shear field, with the particle elevated from a region of high 
pressure (low velocity) to a region of low pressure (high velocity) see figure 6.4. 
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Figure 6.4 L. H. S - Saffman lift force in a velocity flow field. R. H. S. Spin lift - Magnus lift force 
The Saffman lift force is determined from: 
6.46 vp a2 KO'SVS [6.121 FS, 
af f= VO. S 
where a denotes the particle radius, ic the velocity gradient and V, is the relative velocity of 
the particle with respect to the fluid. 
From an experimental point of view the contributions to lift can be categorised as either i) 
turbulent diffusion or ii) hydrodynamic Ii ft 145,471 . Turbulent diffusion is dominant in the 
turbulent core where the turbulent eddies provide the energy to maintain the suspended 
load. Hydrodynamic lift at the pipe wall or close to a stationary bed describes the 
mechanism through which a pressure difference around the particle creates lift. In this 
respect the Magnus and Saffman lift forces can be considered the same, with the 
importance of defining a difference between the two only required in computational particle 
dynamics. Several lift force models modifying the parameter range have been published in 
the literature to account for single particle wall contact [481 , single particle wall induced lift 
force [49,501 and the lift force in multi-component flows 1511. However, in-depth discussion 
on such theoretical equations is believed outside the focus of this study. 
One of the few empirical correlations to predict the lift force on a small isolated particle 
embedded within the viscous sub layer of a turbulent boundary layer was published by 
[521 Mollinger and Nieuwstadt . Using the principles of surface force apparatus the authors 
measured the displacement of the cantilever to which a single spherical particle was glued. 
For 0.3 < a+ <2 the mean lift force is given as: 
A, 
1 FL 
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FLI = (56.9 ± 1.1)(al) 
1.87±0.04 [6.131 
with the dimensionless lift force (FL) and particle radius (e) defined as: 
F 
pV2 
aV* [6.151 
v 
where F is the lift force, a is the particle diameter, v the kinematic viscosity and V* is the 
friction velocity. 
[131 This correlation has a tendency to over predict the lift force measured by Hall . 
Hall 
measured the lift force acting on a single spherical particle resting on a smooth surface by 
attaching a particle to a tungsten support wire and measuring the displacement using a 
commercially available force transducer. For 1.8 < a+ < 70 the mean lift force showed good 
agreement with the relationship: 
F' = (20.90 ± 1.57)(al )(2.31±0.02) [6.16] 
The author comments that the correlation is valid to predict the lift force acting on a 
colloidal sphere. With the relationship developed from lift forces acting on spheres within 
the size range of I-5mm, this is believed to be incorrect when one considers the data 
published by Mollinger and Nieuwstadt [521 . It is reasonable that the discrepancy between 
the two correlations relates to the positioning of the sphere within the turbulent boundary 
layer. The particles used by Hall [531 would penetrate the viscous sub layer and protrude 
into the buffer layer and in some instances the logarithmic layer. Whereas Mollinger et al. 
[521 using particles of 120gm could ensure that the lift effect was a result of viscous sub 
layer forces only. By penetrating into the buffer layer the particle becomes exposed to 
increased turbulent energy [54] resulting in a lift force correlation that under predicts the 
force required to lift a particle submerged within the viscous sub layer. 
Much of the discussion so far has focused on the re-suspension of particles under viscous 
flow conditions, assuming that the viscous sub layer is steady and unaffected by turbulent 
instabilities within the flow. A study into the lift force acting on a sphere within tile 
viscous sub layer showed that the flow characteristic is largely determined by turbulence in 
the buffer layer. Measuring the instantaneous lift force, Mollinger and Nieuwstadt [521 
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showed a fluctuating force where the particle is occasionally subjected to a very large 
positive lift force. Cleaver and Yates E551 have discussed a mechanism whereby turbulent 
bursts within the viscous sub layer are capable of generating instantaneous lift forces 
which detach particles from the surface. Visual observations have shown particles rolling 
along the surface before suddenly detaching at right angles into the turbulent core. 
Through dimensional analysis of the hydrodynamic lift force and drag force, and 
consideration given to the size and frequency of the turbulent bursts, the authors have 
shown that for a given fluid under turbulent conditions the particles will detach from the 
surface when 'r,, d 4/3 > fl is satisfied (T, mean wall shear stress); with the constant P 
dependent on the particle shape, fluid viscosity and the adhesive force between the particle 
and the surface. With limited experimental data on colloidal re-suspension, verification of 
the model is difficult and a sceptical approach should be taken when applying this 
correlation. The model is associated to the work by Kline et al. [541 and Corino and 
Brodkey [561 who investigated the flow characteristics of the turbulent boundary layer. 
Visual studies showed that the flow in the viscous sub layer is continually disturbed by 
velocity fluctuations and the intrusion of fluid bursts from the buffer region. 
This short review on the transportation and re-suspension properties of particles has 
provided a brief introduction to a subject that is extremely complex and challenging. The 
review has, however, highlighted some of the more interesting studies in multiphase 
transport including studies that are specifically relevant to colloidal dispersions. 
6.4 Experimental 
6.4.1 Single Phase - Pipe Loop Validation 
A horizontal pipe loop employing re-circulated flow was used to study the re-suspension 
properties and the minimum transport velocities of colloidal silica slurries. The test section 
was positioned in the fully developed flow region free of any entry length disturbances. 
Figure 6.5 shows three mean velocity profiles along the test section (413 =4x pipe 
diameter), with all profiles showing the expected 'flattened' symmetrical behaviour which 
is representative of turbulent pipe flow. The mean velocity profiles are independent of the 
pipe length, indicating that the test section is positioned in the fully developed flow region. 
151 
1.0 
0.8 
x to 0.6 E 
0.4 
0.2 
0.0 
:0 1 
0 
r/R 
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The mean velocity profiles as measured with PIV and UDVP were compared with each 
other and the universal velocity profile correlation [571 . The universal velocity profile 
describes the velocity distribution if the pipe wall is hydraulically smooth. The profile is 
suitably divided into i) the turbulent core, ii) the buffer layer and iii) the viscous sub layer. 
Within the turbulent core (Y+ > 30) where the Reynolds stresses dominate the viscous 
stresses, the dimensionless velocity (u), applying von Karman's constants (A = 2.5, B= 
5.5), is given by: 
u+ =A ln(y+) +B [6.171 
This correlation is modified to describe the buffer layer (5 < Y+ < 30) where the two fluid 
stresses are approximately equivalent. The dimensionless velocity with A'= 5.0,13' = 3.05 
is given by: 
u+ = A'ln(y+) - B' [6.181 
in the viscous sub layer (y+ < 5) where viscous stresses are more important than Reynolds 
stresses, the dimensionless velocity is equal to the dimensionless distance from the wall 
(Y+): 
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+= Y+ [6J9] 
Both dimensionless terms are related to the friction velocity (V*), with u' and y' defined as: 
U+ U [6.201 V* 
and 
yv*pl 
lu 
Figure 6.6 shows typical dimensionless velocity profiles on a semi logarithmic scale 
comparing both experiffiental techniques used in this study and the universal velocity 
profile. Good agreement is observed between the data collected with the UDVP and PIV, 
while the universal velocity profile tends to under predict the local velocity in the turbulent 
core. The divergence in the theoretical and empirical data might suggest that the flow is 
not fully turbulent when Re = 3000, but is in a phase of intermittent turbulence. A study 
completed by Patel and Head 1581 showed disagreement between theoretical (universal 
velocity profile) and empirical pipe flow data for Reynolds numbers below Re = 9800. * 
It 
should be acknowledged that the constants (A and B) used in equation 6.17are based on 
experimental averages of data showing a considerable degree of scatter. The exact values 
[59,601 
of these constants are a matter of dispute and are frequently discussed in literature 
To provide comparison with another data set, the study of Zalzal et al. [611 was chosen 
which provides the dimensionless velocity and dimensionless distance from the wall when 
Re = 2800 for a single phase flow measured using a photochromic tracer method (see figure 
6.6a). 
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6.4.2 Minimum Transport Velocity 
The minimum transport velocities of the colloidal silica suspensions were determined 
through extrapolation of the transition velocity (onset velocity for sediment bed erosion) 
with respect to the initial sediment bed height (eliminate the bed effect). The experimental 
procedure used in determining the minimum transport velocity differs from many of the 
conventional studies where direct visualisation is commonly applied. With colloidal 
particles the error associated with determining the onset of a sliding bed through direct 
visual assessment is significant. Other approaches such as deposition probes which are 
commonly used in sand slurry experiments cannot be used, as they require a high 
conductivity background solution to optimise performance. As discussed in chapter 2, the 
interaction potential between two colloid particles is significantly influenced by the 
solution conductivity; as such the use of such probes would therefore preclude the high 
level of solution chemistry control which is required in the current study. Dilute re- 
-1 
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suspension of colloidal particles in a flow channel with microscope monitoring is another 
approach 137 1. However, the set-up is not representative of a 'practical' application with 
multi-particle effects at the channel surface and within the suspension not considered. 
The experimental procedure to determine the minimum transport velocity has been 
described in detail in chapters 3 and 4. Briefly, the suspension is circulated in the pipe loop 
at a velocity where a homogeneous flow regime is maintained. The flow velocity is then 
suddenly reduced to zero enabling particles to deposit on the pipe invert, florming a 
sediment bed with a structure dependent on the particle-particle interaction potential. The 
transition velocity is then determined by monitoring the sediment bed height as a function 
of time. Images collected using PIV are analysed using a data analysis package to 
determine the flow velocity when the erosion rate of the sediment bed is equal to zero. 
With a sediment bed present in the pipe loop, the mean flow velocity is determined From 
the volumetric flow rate using circle segment analysis, assuming that the cross-sectional 
sediment bed height remains level during re-suspension. Images (figure 6.7) collected 
using Electrical Resistance Tomography (ERT) studying the re-suspension properties of 
kaolin particles (d5o = 6gm) in a 50 mm i. d. horizontal pipe loop, show the sediment bed 
surface to remain approximately level during re-suspension, with wall eillects appearing 
insignificant (ie. no significant increase in the sediment bed height at the pipe wall). 
Therefore, such behaviour has been assumed for the colloidal silica spheres used in the 
current study, thus enabling the flow velocity to be calculated with relative ease. The initial 
sediment bed heights prior to re-suspension are given in table 6.1. 
A 
Figure 6.7 FRT images showing the gradual re-suspension of' kaolin sediment at a constant mean tlo%k 
velocity (0.5ms-'). Images collected during a secondment to Cape Peninsula University of Technology, South 
Africa. 
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To remove any inconsistencies associated with changes in the rate of erosion over time, all 
flow velocities are presented as an average over the first 30 seconds of pumping. An 
example of the raw data collected measuring the sediment bed re-suspension behaviour 
over the first 30 seconds of pumping is shown in figure 6.8, which illustrates the change in 
the sediment bed height (% bed erosion) as a function of the slurry velocity. The data is 
representative of a IM KN03 sediment undergoing re-suspension in the presence of a 
12.6% by volume slurry. At low flow velocities (below the minimum transport velocity) a 
negative bed erosion rate (sediment bed depth increases) is observed, resulting from a net 
flux of particles depositing from the flowing slurry. As the flow velocity is increased the 
erosion rate becomes positive with a net flux of particles from the sediment bed to the 
flowing slurry. Further increases in the slurry velocity lead to rapid erosion of the sediment 
bed with nearly full re-suspension of the bed observed within the first 30 seconds of 
pumping (0.441msý'). At such high flow velocities the sediment bed is observed to undergo 
both surface and bulk erosion as the bed randomly and violently breaks-up during re- 
suspension. 
Figure 6.9 shows experimental data for the initial erosion rate (% bed erosion per minute) 
versus the initial mean flow velocity for the dispersed and aggregated suspensions of 
interest. The repeatability of this technique when monitoring sediment bed erosion is 
shown in figure 6.9a, with repeat experiments conducted at 0.20,0.30 and 0.38 m/s, 
resulting in erosion rates within 10% of each other. 
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Figure 6.8 % bed erosion with time as a function of the mean slurry velocity. Sediment IM KN03 pi 16, 
slurry 12.6 O/ovol. pH 6. 
Table 6.1 Initial sediment bed heights 
Solid conc. (%vol) Bed height (mm) 
10-4 M KN03 12.7 9.0 0.2 
5.5 3.6 0.3 
IM KN03 12.6 12.8 0.4 
5.7 5.8 0.2 
1 O'4M KCI 6.0 3.4 0.3 
The transition velocity is determined at the x-axis intercept of the second order polynomial 
fit. To account for uncertainties associated with this fit, and the uncertainty between the 
repeatability of each measurement, a 10% error is included in the analysis. Table 6.2 shows 
the transition velocity for the five slurries investigated in the current study. For slurries of a 
similar solid concentration there is a clear effect associated with the electrolyte 
concentration. For the same electrolyte type (KN03) a reduction in the transition velocity 
is observed as the electrolyte concentration is increased. This behaviour is consistent when 
the solids concentration is increased, albeit the transition velocities are somewhat lower. 
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The discussion on the differences in the rheological properties of colloidal silica 
suspensions at low electrolyte concentrations with different co-ions, has already been 
discussed in chapter 5 and appears relevant to the pipe flow study also. Within error the 
two transition velocities could be considered the same. However, the trend in the transition 
velocities when comparing all 3 electrolytes (IM KNOI, 10'4M KN03 and 10 4M KCI) 
appears to be consistent with the results presented in chapter 4, where there were consistent 
trends in the zeta potential, gel point and yield stress measurements when comparing all 
three electrolytes. 
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Figure 6.9 Variation in the initial erosion rates as a function of the initial flow velocity. a) 104M KN03 (5.5 
%vol. ) b) 104M KN03 (12.7% vol. ), c) IM KN03 (5.7 O/ovol. ), d) IM KN03 (12.6 %vol. ) and e) 10 4M KCI 
(6.0 %vol. ). Linear fit (figure 5.5c) shows the region of surface erosion, with bulk erosion effects observed at 
flow velocities in excess of 0.35ms" (see discussion on erosion rates below). 
Table 6.2 Transition velocities determined at onset of sediment bed erosion. 
Solid conc. (%vol) VC10city (M/S) 
104 M KN03 12.7 0.13 
5.5 0.14 
1M KN03 12.6 0.08 
5.7 0.11 
104M KCI 6.0 0.13 
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Figure 6.10) Transition velocities at the onset of sediment bed erosion represented graphically, including a 
10% degree of uncertainty. 
Figures 6.11 a and b compare the three transition velocities for the low concentration 
slurries (z 5.5 - 6.0 % vol. ) as a function of the zeta potential and the sediment shear yield 
stress. A decreasing zeta potential and yield stress is associated with a change in the 
background electrolyte; 10-4M KN03 (-70mV), 10-4M KCI (-5OmV) and IM KN03 (- 
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6mV). The relationship between the zeta potential and the sediment shear yield stress has 
previously been discussed in detail in chapter 5. Changes in the physiochernical properties 
of the slurry will clearly influence the transportation behaviour of the particles and the 
sediment rheology, thus influencing the transition velocity. It is observed that an increase in 
the electrolyte concentration results in a reduction in the transition velocity. Several 
possible reasons for this behaviour are: 
1) At high electrolyte concentration the porosity of the sediment bed is higher, thus 
fluid is able to penetrate deeper into the sediment bed, leading to both surface and 
bulk erosion of the sediment. Surface and bulk erosion of a sediment results in a 
much more rapid rate of bed erosion when compared to a bed which experiences 
only surface erosion; surface erosion is typical for a bed where the particles are 
tightly packed (low electrolyte concentration). 
2) The formation of aggregates at high electrolyte concentration will result in large, 
open, fractal structures that will experience enhanced lift in the velocity field when 
compared to the smaller, denser primary particles. Therefore there is tendency for 
these aggregates to remain in suspension and not deposit onto the sediment bed. 
3) The sediment bed topography is an important parameter when considering bed 
erosion. At high electrolyte concentrations the formation of aggregates and the 
inefficient packing of these aggregates in the sediment, leads to an uneven bed 
surface and an increased solid-liquid contact area. The increased contact area 
means that more particles in the bed are exposed to the fluid shear; therefore, the 
sediment bed is more likely to experience particle erosion, than a bed where the 
particles are tightly packed with little solid-liquid contact area. 
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Figure 6.11 Transition velocities as a function of the silica zeta potential (a) and the sediment bcd yield stress 
(b). All data points collected at low solids concentrations. 
Sediment bed porosity and its influence on the erosion rate of a sediment bed have been 
studied in detail by several researchers 
[39,63-651 
, who have shown that the rate of erosion 
decreases with a corresponding decrease in the bed porosity. A general expression which 
describes the rate of erosion is given as: 
Tb 
Tc [6.221 
where E denotes the erosion rate per unit area, Tb the bed shear stress exerted by the fluid, 
and M and r, which are dependent upon the physiochernical parameters of the sediment, 
define the erosion rate coefficient and the critical shear stress of erosion respectively. 
With Tc associated to the yield stress of the sediment, a decrease in the bed porosity, which 
may result from consolidation of the bed as a function time, will lead to a decrease in the 
erosion rate for an equivalent slurry velocity. The strength of the electrolyte has been 
shown to have a significant effect on the sediment bed erosion rate. Figure 6.12 shows the 
erosion rate of a IM KN03 sediment to exceed the erosion rates of sediments formed in 10' 
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4M electrolytes (KN03 and KCI). As previously discussed, such behaviour is significantly 
influenced by the packing density of the sediment bed. For example, an open porous 
structure provides a greater surface area for fluid contact, as well as a pathway for fluid to 
penetrate deeper into the sediment bed, weakening the structure below the surface. With an 
open porous structure, it is characteristic for sediments to undergo both surface and bulk 
erosion, where large clusters of particles are removed from the bed in a random and violent 
manner. This has been observed several times in the current study when monitoring the 
erosion behaviour of a IM KN03 sediment bed at high flow velocities. Figure 6.9c shows 
an example of the transition from surface erosion to both surface and bulk erosion. Below 
0.35ms" a linear relationship between the rate of erosion and now velocity is observed, 
which is indicative of a sediment undergoing surface erosion [631. Above 0.35ms-1 the linear 
relationship is not obeyed and the rate exceeds the rate predicted by the linear relationship, 
indicating that the bed is undergoing both surface and bulk erosion. 
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Figure 6.12 Variation in the initial erosion rate at increasing mean flow velocity. Symbols: circle -IM KN03 
(5.7 %vol. ), triangle - 104M KCI (6.0 %vol. ) and square -I OM KN03 (5.5 %vol. ). 
From the sediment bed transition velocity, the critical bed shear stress of the sediment bed 
can be calculated to determine the minimum fluid shear stress required for initiating bed 
erosion. The critical bed shear stress is given by: 
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Tc ": [Im 
GI) 'V 
[6.231 
where p. is the slurry viscosity, V is the mean velocity and D' is the effective pipe 
diameter. The slurry viscosity in equation 6.23 is the viscosity at I reciprocal second, 
which is equivalent to 0.006Pa. s for the IM KN03 slurry at 5.7 % by volume, and 
O. OOlPa. s for the two slurries dispersed in 10-4M electrolytes at 5.5 % and 6.0 % by volume 
for the KN03 and the KCI suspension respectively (see figure 6.13). 
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Figure 6.13 Flow curves for colloidal suspensions at pH 6. Symbols: triangle -IM KN03 (5,7%vol), square - 
10"4M KN03 (5.50/ovol. ), circle - 10-4M KCI (6.0%vol). 
it would be expected that the critical bed shear is only dependent on the concentration and 
the type of electrolyte; the electrolyte influencing the strength of interaction between 
neighbouring particles. At low electrolyte concentrations the critical bed shear stress is 
independent of the solids concentration, but is dependent on the electrolyte type. The 
higher critical bed shear stress for a 104M KCI sediment when compared to aI 04M KN03 
sediment is consistent with earlier results which have identified a difference between the 
rheological properties of sediments formed in a KN03 and a KCI electrolyte (refer to 
chapter 5). The critical bed shear stress at high electrolyte concentration shows a small 
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variation with solids concentration. This small difference is believed to be error associated 
with using the same viscosity value for the two slurries (5.7 % and 12.6 % by volume). 
Table 6.3 shows that an increase in the electrolyte concentration results in an increase in the 
critical bed shear stress. As shown in chapter 5, an increase in the electrolyte concentration 
changes the strength of the interaction between two spheres, with the AFM data identifying 
a small adhesion force between two contacting surfaces when dispersed in aIM electrolyte. 
This adhesion force is to be exceeded by the fluid shear to initiate bed erosion; therefore, 
more energy is required to break particles away from the sediment surface. 
Table 6.3 Critical bed shear stress at measured slurry transition velocity 
Solid conc. (%vol) T, (Pa) 
1()-4 M KNO3 12.7 0.05 
5.5 0.05 
1M KN03 12.6 0.24 
5.7 0.26 
104M KCI 6.0 0.06 
As will be discussed in chapter 7, the flow properties of the suspensions are independent of 
the solids concentration and are only influenced by the degree of particle aggregation. With 
this in mind and a critical bed shear stress that is independent of the solids concentration, an 
approach was used where by the minimum transport velocity of the slurries could be 
determined from the sediment bed transition velocities, by extrapolating the transition 
velocities to remove the "bed effect". 
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Figure 6.14 Methodology applied to determine the minimum transport velocity. Extrapolation to zero bed 
height to remove the bed effect on the transition velocity. 
It is therefore reasonable that the minimum transport velocity through transition velocity 
extrapolation for a IM KN03 suspension is equal to 0.13msý', while for a 104M KN03 
suspension the minimum transport velocity is slightly higher at 0.15ms". Due to limitations 
with the available raw material, the solids loading effect on the transition velocity for a 10- 
4M KCI slurry could not be investigated. However, with a similar part icl e-partic le 
interaction (see AFM data chapter 5) and similar critical bed shear stresses, a reasonable 
estimate can be made through extrapolating the single data point using the same conditions 
as for the I O'4M KN03 slurry. The minimum transport velocity for a 10 4M KCI slurry is 
therefore 0.1 5ms' 
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Figure 6.15 Slurry transition velocities as a function of sediment bed height. Extrapolate to Omm bed height 
to determine the minimum transport velocity. Symbols: open square IM KN03. closed square 104 M KN03- 
An additional attempt to determine the minimum transport velocity of the colloidal 
suspensions in the absence of a sediment bed was made using ultrasonic Doppler velocity 
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profiling. The solids effect on the velocity profile of a suspension is determined by 
comparing the suspension velocity profile to a single phase profile at an equivalent flow 
velocity. The technique is used to determine the mean flow velocity when the two profiles 
diverge, and the suspension profile is exceeded (local velocity) by the single phase profile; 
indicating that the fluid drag is increasing and particles depositing onto the pipe invert. 
Figure 6.16 shows how the 2 profiles (single phase and suspension) correlate with each 
other from the pipe centre at r/R =0 to the pipe wall r/R = 1.0 as a function of the mean 
flow velocity. Comparing a 104M KN03 suspension at 5.5 % by volume and aIM KN03 
suspension 5.7 % by volume to a single phase profile, the difference in the suspension and 
single phase profiles at 0.19ms" can be considered insignificant and within error. For the 
two suspensions considered in figure 6.16, a reduction in the mean flow velocity to 0.1 Sms" 
1 identifies a small deviation at the pipe wall which suggests that the particles are 
depositing out of suspension, thus increasing the drag on the fluid motion. Two further 
reductions in the mean flow velocity (0.1 Ims" and 0.07ms") show an ever increasing drag 
effect at the pipe wall as more and more particles deposit from suspension forming a bed on 
the pipe invert. The data suggests that the minimum transport velocity for a 104M KNO3 
and a IM KN03 suspension is between 0-19ms" and 0.15ms'l which is in reasonable 
agreement with the velocities determined by extrapolating the transition velocities which 
were measured using PIV. 
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Having determined the minimum transport velocities experimentally, a comparison has 
been made with the predicted values using the correlations given in table 5.0. Durand's 
[2, 
31 correlation is within reasonable agreement when FL = 0.2 (particle size = Omm), 
predicting a minimum transport velocity equal to 0.16m/s. The correlation by Spells 
[181 
greatly under predicts the minimum transport velocity predicting 0.00m/s when rounded to 
two decimal places. The correlations of Thomas [131 and Davies [201 provide similar results 
to each other with a predicted transport velocity z 0.40m/s. A value of 0.42m/s is 
determined using Thomas's graphical approach when applying the lower limit parameter 
(the deposit velocity is equal to the deposit velocity of a 25pm silica sphere). Davies' 
correlation accounts for changes in the solids concentration, and predicts an increase in the 
minimum transport velocity from 0.38m/s to 0.40m/s when the solids concentration 
increases from 5.5 % to 12.5 % by volume. The disagreement between the experimental 
data and many of the predicted velocities is not unexpected. As previously discussed, 
colloidal suspensions tend to fall outside the limits to which these correlations have been 
developed, therefore, resulting in significant error. 
6.5 Conclusion 
The critical transport velocities of three colloidal suspensions have been studied using two 
novel experimental approaches. Existing approaches to determine the minimum transport 
velocity of a solid-liquid suspension were precluded for several reasons which have already 
been discussed earlier in the thesis. One approach to determine the minimum transport 
velocity involved plotting the deviation between a single phase velocity profile and a 
suspension velocity profile across the pipe radius (r/R =0 to r/R =1) for an equivalent mean 
flow velocity. When the mean flow velocity exceeds the minimum transport velocity the 
difference between the two velocity profiles is negligible. As the mean flow velocity is 
reduced below the minimum transport velocity, the two profiles diverge and the local mean 
velocity for the suspension flow at the pipe wall is exceeded by the local mean velocity for 
the single phase flow. The reduction in the local mean velocity for the suspension flow 
results from an increase in fluid drag as particles deposit and slide along the pipe invert. 
The data collected using UDVP concluded that for both the dispersed (104M) and 
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aggregated (I M) suspensions, the minimum transport velocity was in the range of 0.19ms" 
I too. 1 5ms, . 
A second technique involved measuring the transition velocity of a sediment bed (onset 
velocity for bed erosion) to determine the minimum transport velocity of the colloidal 
suspensions. PIV, with the laser sheet passing through the longitudinal axis of the pipeline 
provided sufficient illumination for the sediment bed erosion rate to be monitored as a 
function of the slurry velocity. The transition velocity of the sediment bed is observed to be 
dependent on the solids loading and the electrolyte concentration. With an increase in the 
solids concentration the transition velocity for the sediment decreases, while the critical bed 
shear stress (dependent on the bed yield stress) remains unchanged. With a constant critical 
bed shear stress, the "bed effect" on the transition velocity is negligible when the transition 
velocities are extrapolated to zero bed height. The transition velocity at zero bed height is 
identified as the minimum transport velocity. For the three colloidal suspensions studied 
the minimum transport velocities are given in table 6.4. 
Table 6.4 Colloidal suspension minimum transport velocities. 
Minimum Transport 
Velocity (ms") 
10-4 M KN03 0.15 
IM KN03 0.13 
1 O'4M KCI 0.15 
For the same electrolyte concentration (104M), the minimum transport velocities are equal 
and independent of the electrolyte anion. With a purely repulsive particle-particle 
interaction, the particles will remain dispersed in the flow and should therefore have the 
same minimum transport velocity. With an increase in the electrolyte concentration, the 
interaction between the particles in no longer purely repulsive but is influenced by a 
significant adhesion force. The adhesion force between the particles results in the 
formation of small aggregates which are nearly an order of magnitude in size greater than 
the primary silica spheres (refer to chapter 4 for particle size and aggregate structures). The 
minimum transport velocity of the aggregates is lower than the minimum transport velocity 
for the smaller, dispersed spheres. With a greater particle diameter and a greater 
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sedimentation velocity (see chapter 4), it would be expected that the minimum transport 
velocity would be greater than the velocity measured for the dispersed suspensions. The 
following chapter provides an answer for this observation with regards to the turbulence 
intensities in a dispersed and aggregated suspension. 
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Chapter 7 
TURBULENCE MODULATION STUDY OF 
A DISPERSED AND AGGREGATED 
COLLOIDAL SUSPENSION 
NOMENCLATURE 
D Diameter of pipe 
R Radius of pipe 
U Mean strearnwise velocity 
U Depth-averaged streamwise velocity 
U Instantaneous velocity 
U9 RMS strearnwise component of the flow 
P0 U Turbulence intensity 
U, " Suspension turbulence intensity 
Uf " Fluid turbulence intensity 
q Small scale eddy length 
V Kinematic viscosity 
E Local turbulence energy dissipation rate per unit mass 
P Density of fluid 
r Turbulent shear stress 
Ta Aggregate shear strength 
PI Kinematic eddy viscosity 
V"'VIY Streamwise and vertical fluctuating velocity components 
I or 1, Mixing length parameter 
2-U Fluid velocity gradient ay 
ABREVIATIONS 
DLVO Derjaguin, Landau, Verwey and Overbeek Theory 
NB Nominal bore 
Re Reynolds number 
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RMS Root mean square 
UDVP Ultrasonic Doppler velocity profiling 
Svnopsis 
The centre-line and near wall strearnwise turbulence intensities of colloidal silica 
suspensions measured using ultrasonic Doppler velocity profiling in the presence of 10 4M 
and IM electrolytes are compared in this chapter. Turbulence which provides the energy to 
maintain particles in suspension is discussed, prior to a review on turbulence modulation in 
dilute suspension flows. 
7.1 Turbulence and Turbulence Modulation 
The transportation mechanisms by which solid particles are carried in pipelines as 
discussed by Wilson and Sellgren I'] can be considered as either bed load transport, where 
the submerged weight of the particles is transferred to the pipe wall, or suspended load 
transport, where the particles are supported by the fluid. Fluid support can be further 
subdivided into laminar and turbulent flow conditions, with laminar describing viscous 
transportation (refer to chapter 6) and turbulent describing the contribution in the form of 
turbulent diffusion [21 . Turbulence is the term given to describe the unsteady chaotic 
movements of fluid elements in different directions superimposed on the main flow of the 
liquid. The transition from laminar to turbulent flow is described by the Reynolds number 
and is typically observed to occur between Re = 2000 and Re = 4000 depending upon the 
physical properties of both the pipe and the fluid. The structure of the turbulent boundary 
layer is defined by the production, transport and dissipation of the turbulence kinetic energy 
in the flow. Turbulent eddy production is largely concentrated in the near wall region 
where large velocity gradients provide an environment of high shear which is favourable in 
the production of fluid eddies. Kline et al. [33, referring to the earlier work of Klebanoff 
[41, discussed the production rate of turbulence energy in the boundary layer in terms of 
energy per unit volume. Figure 7.0 which is adapted from Kline et al. [31, shows that nearly 
half of the total production of turbulence energy is within the near wall region, and that the 
outer 80% of the boundary layer accounts for as little as 20% of the total energy 
production. 
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Figure 7.0 a) Normalised turbulence energy production rate per unit volume and b) cumulative turbulence 
energy production rate in a typical turbulent boundary layer. Figures adapted from reference (3) . 
Turbulent flows generate a spectrum of eddy lengths from the largest eddy which is 
dependent on the pipe diameter, down to the smallest eddy which is suitably described by 
the Kolmogoroff micro-scale equation. The limiting size of the small scale eddy (0) is 
given as[5]: 
3 1/4 (VC ) 
[7.0) 
where v is the kinematic viscosity of the fluid and c is the local turbulence energy 
dissipation rate per unit mass. Associated with the eddy length spectrum is the turbulence 
energy spectrum [6) . Large eddies which are relatively long-lived and are independent of the 
fluid viscosity are considered to be energy producing, transferring energy to the small scale 
eddies which are considered to be energy dissipating; with significant dissipation of kinetic 
energy into heat through viscous forces. 
Approximate expressions for the eddy length scales in turbulent pipe flow are given in table 
6 Oj5j which includes the length scales for energy-containing and energy-dissipating. Such 
eddies relate to the intermediate region of the turbulence energy spectrum. 
Table 7.0 Approximate expressions for turbulent eddy lengths. 
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 
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Eddy Length scale 
Largest 0.5D 
Energy-containing 0.05D(Re)-o 13 
Energy-dissipating 20D(Re)-O 78 
Kolmogoroff 4D(Re)-0.78 
Clearly, the turbulent properties of a fluid are influenced by the scale and intensity of the 
eddies in the flow. The addition of particles to a fluid has been shown by several 
researchers to modulate the turbulence intensity E7,133 . This relationship between the fluid 
and the turbulence properties is shown when one considers the expressions for turbulent 
shear stress within the boundary layer. The turbulent shear stress (r) can be expressed by 
one of the relationships below, depending on the level of representation employedl 141: 
'r = -P v'XvY [7.11 
T= '12 
U 
[7.21 p ay 
1 LU I Mayuy) 
au Ppt uy- [7.31 
with equation 7.1 including the term (v., v'Y ) which accounts for the fluctuating velocity 
components from the mean in the streamwise and vertical directions (-p vlxvly is 
commonly referred to as the Reynolds stress). Equation 7.2 includes the mixing length 
parameter (1) or the eddy size and equation 7.3 includes the kinematic eddy viscosity (pj). 
U 
p and 
L 
represent the density of the fluid and the velocity gradient respectively. ay 
The addition of particles to a fluid may therefore influence the turbulence intensity through 
affecting either one or all of the following: i) the velocity gradient 19,111; ii) the eddy 
viscosity; iii) the eddy mixing length[161 and iv) the density of the fluid sediment mixture. 
Early studies on turbulence modulation were conducted by measuring the heat transfer rate 
between the suspension and the pipe wall [171 , investigating the effect of both particle 
concentration and size. An enhancement in the heat transfer rate of a particle laden 
suspension was related to the increased frequency and intensity of turbulent disturbances 
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within the viscous sub layer (refer to chapter 6, viscous sub layer turbulent bursts); a result 
of fluid-particle interactions modifying the strength of both the free stream and near wall 
turbulence. A 35% enhancement in the heat transfer rate was measured for a suspension 
containing particles in the size range d5o = 25pm at a concentration of 4% by volume. The 
author also observed a reduction in the heat transfer rate with an increase in the solids 
concentration, and they implied such behaviour to be linked to turbulence dampening due 
to an increased importance of particle-particle interactions. To further understand the 
effects of particle size and concentration on the turbulence properties of fluids, the authors 
published an additional paper which used laser-Doppler anemometry to measure the flow 
velocities and the turbulence quantities to within 50prn of the pipe wall [71 . Using methyl 
benzoate as the carrier fluid and glass particles (dso = 53gm) as the dispersed phase both the 
free stream and near wall turbulence properties up to a solids concentration of 5.6% by 
volume were compared. A reduction in the free stream turbulence level to an almost 
constant value at higher solids loadings was in contradiction with the turbulence 
modulation behaviour in the near wall region. An enhancement in the streamwise 
turbulence levels in the near wall region was related to the interaction between the particle 
and the fluid eddy as both length scales approached within the same order of magnitude. 
Zisselmar and Molerus [71 confirmed through theoretical derivation using Taylor's micro 
scale, that the eddy length at the point where the maximum turbulence enhancement was 
observed was equivalent to 0.25dp. This correlation may be coincidental as it corresponds 
to a distance just outside the viscous sub layer. At the edge of the viscous sub layer the 
rates of turbulence energy production, dissipation and diffusion pass through a sharp 
maximum J181 . Therefore, under particle loading any influence of two-way and/ or four- 
way coupling is most likely to have a greater affect in this region. 
A brief communication by Gore and Crowe 181 is one of the most commonly cited 
turbulence modulation publications. They proposed a simple physical model to explain the 
modulation characteristics of free stream turbulence caused by the addition of particles. A 
critical parameter, identified as the ratio between the particle diameter (dp) and the 
characteristic length scale of the most energetic eddy ((A) or 1. in the original publication. 
Gore and Crowe relate this parameter to le/R : z:: 0.2 which is based on the results of 
Hutchinson et A E191, who showed that the turbulence length scale divided by the pipe 
radius is approximately equal to 0.2 except near the pipe wall. This relationship has been 
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used by Gore and Crowe 181 to compare all data sets), showed a demarcation between 
turbulence attenuation and augmentation when dý), = 0.1. Figure 7.1 from the original 
publication shows the percentage change in turbulence intensity as a function of the length 
scale ratio. The experimental data used to form the plot included gas-solid, gas-liquid, 
solid-liquid, and liquid-gas flows, with Reynolds numbers ranging from 8000 to 100,000; 
solid-fluid density ratio variations from 0.0012 to 2500, and volume concentration 
variations from 10-6 to 0.2. The experimental geometries also differed, with axisymmctric 
jets and horizontal/vertical (upward and downward) pipe flow data compared. The 
demarcation is associated with the particle size. The authors comment that when dwX << 
0.1, a fraction of the fluid eddy energy is transformed into the kinetic energy of the particle, 
enabling the particle to maintain its motion within the eddy overcoming any viscous/fluid 
drag forces, thus reducing the turbulent intensity of the fluid. When dpa >> 0.1, vortex 
shedding from the particle surface creates eddies of the same order of magnitude as tile 
most energetic eddy, thus enhancing the turbulent intensity of the fluid. 
z 
z 
4, 
z 4 
4. ) 
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Figure 7.1 Change in turbulence intensity as a function of the critical length scale parameter, taken from 
reference [8] . 
Evidently, as the length scale ratio increases and two-way coupling becomes more 
important the data shows a higher degree of scatter. It should be reiterated that the critical 
parameter can only provide a means to determine whether the fluid turbulence is 
augmented or attenuated. In order to reduce the scatter and predict the level of turbulence 
uuvo uml QOI 0.1 
dp/l, g 
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modulation, consideration should also be given to the fluid and particle Reynolds 
numbers [11,20,211, the solid-liquid density ratio[221, the fluid viscosity and the solids 
loading [71 . Gore and Crowe 
[81 also comment on the selectivity of the data used in the study. 
A significant exemption from the plot was the data collected by Maeda et al. 1231 who 
investigated the turbulence properties of air flows in the presence of 45pm glass spheres. 
With dýk < 0.1, the ratio suggests that the addition of particles would dampen the 
turbulence intensity of the flow. However, with a mass loading increasing from 0 to 0.49, 
the centre-line turbulence intensity was observed to increase. The data was not considered 
in the review [81 as it was thought that the particles had formed aggregates producing 
secondary flow effects that are not observed when the particles remain dispersed. 
7.2 Experimental investigation on the turbulence modulation of dispersed and aggregated 
colloidal suspensions 
The influence of colloidal particles on the turbulence properties of fluids has received very 
little attention in the literature. The size of such particles and the extremely low solid 
volume fractions commonly used in turbulence studies means that one-way coupling 
mechanics dominate the fluid properties, with no modulation of the fluid turbulence 
through particle-fluid interaction. In the present study suspension concentrations up to 12% 
by volume are investigated where four-way coupling [24] and possibly two-way coupling 
become important. The experimental programme has been designed to evaluate the centrc- 
line and near wall turbulence properties of particle un-laden and laden flows. The objective 
is to understand the influences of i) high solid loadings and ii) aggregates on the turbulence 
intensities of the flow. 
I The root-mean square values (u) of the strearnwise fluctuating component of tile flow arc 
calculated from 
[141 
: 
I= [I yn 
L(U _ 
U)2]0*5 
n, J= [7.41 
where u is the instantaneous velocity and U is the mean strearnwise velocity. Subsequently 
the turbulence intensity is then determined by [14] : 
[7.51 
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where U is the depth-averaged streamwise velocity. 
To provide a comparison between the particle laden and un-laden flows the percentage 
change in the turbulence intensity is defined as: 
Ulf- Uf" 
Ulf 
x 100 [7.61 
f 
where subscripts s andf refer to the suspension and fluid flows respectively. 
Experimental results of the strearnwise fluctuating component for a particle un-laden fluid 
at three different mean flow velocities are shown in figure 7.2. The instrument sensitivity of 
the UDVP probe lowers the data collection resolution at the pipe wall resulting in u>0 at 
r/R. = 1. However, the characteristic trend in the turbulence intensity increasing from the 
pipe centre-line to a maximum in the near wall region and then decreasing at the pipe wall 
is observed in all three cases, corresponding to the profiles by Laufer 1181. When comparing 
the turbulence intensity values as a function of the flow Reynolds number there is no 
difference, within error, at the pipe centre-line. But, at r/R. =I the three profiles diverge 
with higher turbulence intensities measured in the near wall region when the flow Reynolds 
number is reduced. This behaviour has also been observed by Perry and Abell 161 studying 
the pipe flow longitudinal turbulence component of air at four Reynolds numbers ranging 
from 78X 103 to 257X 103. Perry and Abell suggest [61 that the deviation relates to the 
increased fluid-wall interaction in the inner region of turbulent flow. Figure 7.2 also 
presents data from Wang et al. [251 who considered the turbulence properties of water at a 
Reynolds number of 23X 103 in a 57mm NB pipe.. The data set provides the closest 
representation to the experimental parameters used in the present study, thus highlighting 
the lack of data for water flows in pipes at low Reynolds numbers. The data set however 
proves to be very useful showing the centre-line turbulence intensity approximating well 
with the data collected in the current study, whilst following the trend in turbulence 
intensity divergence in the near wall region. 
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Figure 7.2 Turbulence intensities of the strearnwise fluid component: square - Re = 10400, circle - Re 
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7800, triangle - Re = 5200. Dashed line published data Wang et al. 
Typical data for the strearnwise turbulence intensity component for the particle ladcn flows 
in this study are shown in figures 7.3 (a-d). The data are separated to illustrate tile 
influence of increased solids loading on the turbulence properties of dispersed and 
aggregated suspensions. In all cases there is minimal variation in the free stream and near 
wall turbulence intensities of the flows as the solids concentration is in increased from 6% 
to 12% by volume. Analysis of the mean velocity profiles (Re = 7800 and Re = 5200) as a 
function of solids concentration is also in agreement, showing no variation, thus tile 
turbulence and flow properties of the fluid over the concentration range studied are 
invariant. Experimental data at low solid concentrations (<I% Vol. ) 17.211 illustrates that 
the degree of turbulence attenuation or augmentation reaches a plateau within 1% solids 
loading. Clearly, as the suspension becomes sufficiently laden with particles so that 
structuring within the fluid can occur, the suspension viscosity will significantly increase, 
therefore, influencing the turbulence properties of the suspension. With the concentrations 
in the present study intermediate of these two extremes, no considerable change in tile 
turbulence intensities as the solids concentration is increased seems reasonable. 
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Figure 7.3 Streamwise turbulence results for dispersed and aggregated suspensions: a) Dispersed suspcnsions 
Re = 7800. Symbols: square -I OM KN03 (5.5% Vol. ), circle - 104M KN03 (12.7% Vol. ), triangle - 104NI 
KCI (6.0% Vol. ), solid triangle - water. b) symbols as in (a) for Re = 5200. c) Aggregated suspensions Re - 
7800. square - IM KNO3 (5.7% Vol. ), circle -IM KNO3 (12.6% Vol. ), solid triangle - water. d) Symbols as 
in (c) for Re = 5200. 
Comparing the turbulence intensities of aggregated and dispersed suspensions at an 
equivalent solids concentration (see figure 7.4), one can see that there is a clear 
enhancement in the near wall turbulence when the suspension is aggregated. With the edge 
of the buffer layer at r/R = 0.82 (Re = 5200) and r/R = 0.87 (Re = 7500) the turbulence 
modulation behaviour extends into the mainstream region of the flow. Considering the 
buffer region first, the turbulence intensity will be a function of the fluid-wall, particle- 
fluid, particle-wall and particle-particle interactions. Fluid-wall interactions relate to the 
intermittent low speed fluid ejections from the wall (fluid bursts) and high speed fluid 
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injections towards the wall (fluid sweeps). With a particle relaxation time (Tp = ppdp 2 /1 8p; 
Stokes regime) smaller than the characteristic time of the energy containing eddies (1, = 
Vu'), the particles will follow the flow, neither dampening or enhancing the intensity of the 
sweeps or bursts in the fluid boundary layer. The particle Reynolds numbers for the 
primary particle and aggregate are 3.5 x 10-7 and 6.7 x 10-5 respectively. With such 
low particle Reynolds numbers the colloidal particles and aggregates in suspension should 
not influence the fluid-wall or particle-fluid interactions. However, at such a high solids 
concentration cumulative effects may result where small interferences between the fluid 
and particle, which are commonly considered to be negligible at extremely low solids 
concentrations, may in fact become significant and modulate the turbulence intensity. For 
example, particle collisions at the pipe wall and with each other generate small scale 
fluctuations within the fluid which in dilute flows can be considered negligible, while in 
dense flows the effect may become measurable. 
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Figure 7.4 Strearnwise turbulence intensities. Symbols: square -IM KN03 (5.7% vol. ), circle -I ONI KNO3 
(5.5% vol. ), solid triangle - water. a) Re = 7800, b) Re = 5200. 
The differences in the buffer layer turbulence intensities may also result from small 
differences in the near wall velocity gradients. With the fluid shear stress proportional to 
the velocity gradient, an increase in the velocity gradient provides a more favourable 
environment for eddy production and additional turbulence. Comparing the buffer layer 
velocity gradients; du., /dy IM KN03 > du,, /dy 10-4 M KN03 and du,, /dy water. 
1.0- 
0.8- 
0.6 
0.41 
0.2 
Table 7.1 Veloc 
I 
ity gradients in the near wall region yýý < 30. Units: ux mm/s, r/R(y) mm. Re = 7500 
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du,, /dy 
IM KN03 -75.4 
104M KN03 -61.7 
Water -66.4 
Ccntre-line variations in the turbulence intensities are observed in the raw data profiles, and 
have been summarised in figure 7.6 illustrating the percentage change in turbulence 
intensity when compared to a particle un-laden flow. An average of 10 individual 
measurements at each velocity provides a suitable assessment of the error of uncertainty. 
The turbulence intensities of a dispersed suspension do not appear to deviate too much from 
those measured in a particle un-laden flow. The transition from turbulence augmentation to 
attenuation as the mean flow velocity is increased may not be a real effect, and can be 
considered within experimental error. However, the data does suggest to a certain degree 
that the centre-line turbulence intensities are enhanced in the presence of an aggregated 
suspension. At the wall where the enhanced turbulence can be accounted for by particle- 
wall interactions, the centre-line turbulence intensity can only be influenced by particle- 
fluid and particle-particle interactions. Typically, the centre-line turbulence intensities are 
influenced by vortex shedding from wakes behind particles [8,21,26] and changes in the fluid 
17) viscosity . Interpretation of the experimental data and critical analysis of the observed 
behaviour is difficult with no data sets available to validate such work. Commonly, when 
the particle length scales are significantly smaller than the Kolmogoroff length scale, 
relatively small changes in the turbulence intensities are observed which are frequently 
associated with a change in the suspension viscosity. These experiments are controlled 
such that the particles remain dispersed, thus, not to introduce any variation between large 
length scale studies due to the formation of aggregates. 
The sedimentation study in chapter 5 highlighted the differences between the dispersed 
particles and aggregates under no flow conditions; the aggregates were observed to settle at 
a rate twenty five times the settling velocity of the dispersed particles. In addition, a surface 
area increase in excess of 30 times (aggregate surface area compared to primary particle 
surface area) makes it difficult to assume that the dispersed particles and aggregates can be 
treated equally in dynamic flows at such high solid concentrations. 
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(IM KNOO. Images collected using SNsn1ex FloNk Particle Image Analyser (IIIIA-3,000). Singlet" and 
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which is subjected to an incoming flow, while figure 7.6b shows the angular distribution of' 
the flow directional velocity at a specific radii of the floc along the middle plane. 
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Figure 7.6 a) The streamlines of an interfloc flow (colours represent varying levels of static pressure), b) 
1271 
Angular distribution of flow directional velocity at a specific radial position in the floc: 
Figure 7.6b shows that the axial velocity at the radial position of' interest can vary 
dramatically and can even reverse in flow direction. Such significant changes in the flow 
direction and velocity can result in complex flow structures surrounding the aggregate. 
These complex flow patterns most likely support the turbulence observations in the current 
study, ie. for a solid sphere the flow passes around the particle with no flow separation, 
while for an aggregate, flow separation in the pores can lead to an enhancement in the fluid 
turbulence. It should be noted that in a dilute suspension (<1-2 volume %) such an effect 
may be regarded as negligible when considering the size of the aggregates in the current 
study. However, at higher solid concentrations a cumulative effect may result where the 
small variations in magnitude and direction of the flow produce a measurable difforencc. 
Figure 7.7a summarises the relationship between the centre-line turbulence intensities of' 
the aggregated and dispersed suspensions compared to water as the mean velocity is 
increased. Initially (O. Ims-1, Re = 2600), the two particle laden flows are equivalent 
showing a small enhancement in turbulence intensity. A maximum deviation occurring at 
0.2ms-1 is observed which results from a significant enhancement in the aggregated 
suspension turbulence intensity. With a further increase in the mean flow velocitv the two 
turbulence intensities once again begin to approach similar values that are equivalent to the 
un-laden flow. The trend in the data presented in figure 7.7 suggests that the interparticle 
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strength of' the aggregate is exceeded by the fluid shear force at a critical Ilm\ \cl()cit\. 
128ý 291 
thus, initiating aggregate break-up 
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Figures 7.8 a and b compare the RMS values of' tile streallmise Component of tile "Im-dc 
phase fluid, dispersed ( 1()-4 M KNO,. clý(, 0.8pni) and aggregated (I %l KN( )ý, d, -1.6jim) 
SLIspcnsions, and an additional dispersed SLIspenslon contalnino silicl sl)llcl. c, j 111c. 11, 
particle diameter equal to 27pni (see Appendix A Splicrigia. 's 2()()()). , '\Il ljýlrjiclc laticil 
suspensions are ofequivalent solids loading. Botll hi. gurcs Ill"st"atc the chaill-'c" In the RM" 
values as the I'low progressively develops into fully CIC"'CIOI)CLI till-I)LIICIICC. I lic 
distinguishing sharp peak ill the flow fluctuations 11-01.111d the transition rcu-ion is aunhuted 
to intermittent turbLllClICC ill the I'Orm ol'turbUlence puITSI"' "I. ý\hlcll are ol)sel-\Cd ill hoill 
IIS, 32.131 Newtonian and non-Ne\ktonian lluids 
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shedding) which appears to modulate the turbulence to the same extent as tile "Illallcr 
aggregates. As the Reynolds number exceeds Re - 8000 the two profi1c,, dlýergc as the 
RMS values Im the aggregated suspension start to decrease and once a. gam approach the 
RMS values of' the un-laden and dispersed Suspension 110\ýS. SLIC11 hChmiour I" In 
agreement with tile theory that a critical fluid shear stress is reached be)ond ýOich the 
aggregates underoo gradual breakage. L- 
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Figure 7.8 Root Mean Square values: a) solid square 10 1NI KNOI (5.511. cli, wd L11,11c m 'm 
KNOi ( 12.7", o vol. ), open sqUare IM KNO,, (5.7'ovol), circle \%ater. b) ,N mbols it, in (it). t, jm,, JLý 
I ca spheres (5.5") A. ). 
A furtlicr validation l'or tooregate break-up is provided ill the anaks,,, ()I ýj lim\ 
obtained using a Bohlin ('VO-R rheometCl-, SIUM11 ill IILýLll'e 7.9. With an increase ill shcar 
rate (k) tile suspension viscosity (q) in the aggregated suspensioil gradualk dco-cascs 
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(shear thinning) until both the aggregated and dispersed flow curves overlap. A reduction in 
the suspension viscosity represents a lowering in the resistance to flow, which is common 
when particles align themselves within the flow field or undergo structure break-down. 
Comparing the shear rate versus viscosity profile and the pipeline pseudo-shear rate (8V/D) 
versus RMS profile, the critical shear rate when the aggregated and dispersed suspensions 
have similar properties (viscosity and RMS values) corresponds within reasonable 
agreement. 
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Figure 7.9 Flow curve, viscosity versus shear rate: square - 10-4M KNO3 (5.5% vol. ), circle -IM KN03 
(5.7% vol. ). 
The pipeline pseudo-shear rate (8V/D) is used as a standard representation for the level of 
shear in a circular pipe. As the shear rate increases with velocity, the shear stress acting on 
a particle or aggregate also increases (shear rate = shear stress / viscosity (see figure 7.10)). 
As previously mentioned, a critical shear rate (-- 94 sý) is reached after which any further 
increase results in break-up of the aggregate structure. The strength of the aggregate 
structure is proportional to the total interaction energy between the particles. To the 
author's knowledge there is no theoretical relationship between the normal force interaction 
and the aggregate strength under shear. However, when referring back to the work of 
Scales et al. [34,351 who related the bulk yield stress of a particle network to the DLVO force 
and a structural factor (k) (refer to chapter 5), a similar approach can be adopted to 
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represent aggregates in suspension, where the aggregate strength is proportional to the 
DLVO and structural components (fractal dimension). The structural component is 
essential to account for the free surface exposed to the fluid shear. For example, in laminar 
flow a spherical aggregate will have many particle-particle contacts exposed to the flow 
shear, while a long chain aggregate which aligns itself with the flow field, can have no 
particle-particle contacts exposed to the fluid shear. Thus, for the same interaction energy a 
spherical aggregate is more likely to undergo break-up than a long chain aggregate. The 
other difficulty in relating the normal force interaction to the observations in the pipe flow 
is in quantifying the effect of turbulence on the aggregate structure. In turbulent flow the 
stresses acting on an aggregate are random. One side of the aggregate can be exposcd to a 
drag force (aggregate extension) while the other side a compressional force. Such 
instantaneous flow properties can act to either erode the aggregate and / or densiry the 
aggregate (particle re-arrangement towards the aggregate centre). A potential 
representation for the aggregate strength in fluid shear may be written as: 
Ta oc kstructure[DLVOI. F [7.7) 
where kstructure accounts for the number of particle-particle contacts in the aggregate, DLVO 
accounts for the strength of a particle-particle contact and F is a parameter related to tile 
Reynolds number of the flow and the mean shear stress applied to the aggregate surface. 
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Figure 7.10 Shear rate versus shear stress profile -IM KN03.5.7%vol, pH6 
192 
Figure 7.10 shows the shear rate versus shear stress profile for a IM KN03 slurry at 5.7% 
by volume. Taking the critical shear rate for aggregate break-up to be between 90s*1 and 
I OOs-1, then the critical shear stress at aggregate break-up is equivalent to 0.2Pa and 0.22Pa 
respectively. Comparing the shear stress for aggregate break-up to the critical bed shear 
stress for a IM KN03 sediment (0.13-0.14Pa), the values are slightly higher. The 
difference in the two values may be accounted for by the fluid turbulence densifying the 
aggregate structure, and therefore increasing the energy required to break-up the aggregate, 
or due to inefficiencies in the energy transfer to the aggregate when suspended in the flow, 
ie. the velocity difference between the free aggregate and the fluid is lower than the 
velocity difference when the aggregate is secured in the sediment bed. Therefore, more 
energy is required to initiate break-up when the aggregate is freely suspended in the flow. 
7.3 Conclusion 
The data shows that the turbulence properties of concentrated colloidal suspensions can be 
modulated through inducing particle aggregation in the suspension. It should be 
acknowledged that the percentage change in the turbulence intensities arc relatively small 
in comparison with published data (see figure 6.1 - Gore and Crowe 181); these changes most 
likely relate to the colloidal particles used in the current study. To the author's knowledge 
this is the first study where the turbulence properties of a colloidal suspension have been 
investigated. Both the near wall region and centre-line turbulence intensities are increased 
in the presence of aggregates, while the dispersed particles have minimal affect on the level 
of fluid turbulence. A comparison of the strearnwise velocity fluctuations for un-ladcn and 
laden flows (dispersed and aggregated) identified an initial critical Reynolds number where 
the presence of aggregates enhances the turbulence intensity when compared with a 
dispersed suspension and a sediment free flow. A second critical Reynolds number (higher 
flow velocity) is identified when the aggregates begin to break-up as the particle-particle 
contact strength is exceeded by the fluid shear, and the RMS profile of the aggregated 
suspension begins to converge with the RMS profiles of the dispersed colloidal suspension 
and sediment free flow. 
The enhancement in the near wall and centre-line turbulence intensities for an aggregated 
suspension relative to a dispersed suspension supports the experimental observations in 
chapter 6. In chapter 6 it was concluded that the minimum transport velocity for an 
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aggregated suspension is lower than the minimum transport velocity for a dispersed 
suspension. With the sedimentation rate of the aggregates greater than the sedimentation 
rate of the primary particle, it would be reasonable to expect the minimum transport 
velocity for the aggregated suspension to be higher than the minimum transport velocity for 
the dispersed suspension. However, the enhancement in fluid turbulence can provide an 
additional energy to keep the aggregates in suspension; while the lower turbulence 
intensities at an equivalent flow velocity (dispersed suspension) does not provide sufficient 
turbulent energy to keep the primary particles in suspension. Therefore, a higher minimum 
transport velocity for the dispersed suspension is measured. 
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Chapter 8 
CONCLUSIONS 
The physical and chemical properties of nuclear sludges and slurries are extremely 
complex, which makes predicting their rheological and flow properties very challenging. 
One of the main concerns with transporting nuclear sluff ies is correctly accounting for the 
affect of fine particles on the slurry rheology. Fine particles are unique, in such that the 
interaction energy between particles in close proximity can be manipulated by the solution 
chemistry. The transportation and turbulence properties of fine particulate (colloidal) 
suspensions have been investigated. Slurries with a solids concentration between 5.5% and 
12.6% by volume (concentration representative of typical solids loading in pumped nuclear 
slurries) were prepared in different electrolyte solutions (concentration and type). 
Chapter 6 considered the minimum transport velocity of colloidal suspensions dispcrsed in 
IM KN03 (colloidally un-stable), 10'4M KN03 (colloidally stable) and 10'4M KCI 
(colloidally stable) at pH 6. The minimum transport velocity of a pipeline is important as it 
identifies the flow velocity required to keep the dispersed particles entrained in the flow. 
operating below the minimum transport velocity will result in particle deposition and the 
formation of sediment beds, with a potential for pipeline blockage. The transportation of 
fine particles has received little attention to date, a direct result of industrial pipelines 
pumping at velocities which greatly exceed the low minimum transport velocities observed 
for fine particulate suspensions (see chapter 6). However, by experimentally determining 
the minimum transport velocity of fine particulate suspensions, the pipeline operating 
conditions can be adjusted to make the process more energy efficient (ie. pumping 
velocities can be reduced to within 10-20% of the minimum transport velocity). 
A 26mm NB pipe loop was constructed, and the minimum transport velocities for an 
aggregated and dispersed colloidal suspension were measured to be 0.13ms" (IM KN03) 
and 0.15ms" (104M KN03, KCI) respectively. By measuring the onset velocitv fnr 
sediment bed erosion (transition velocity), the minimum transport velocity was determined 
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by extrapolating the transition velocities, to remove the sediment bed effect - see chapter 6 
(Extrapolation of the sediment bed erosion velocities as a function of the sediment bed 
height back to zero is a novel approach which has been adopted in the current study to 
determine the minimum transport velocity. Techniques such as, visual assessment, 
electrical resistance tomography and deposition probes could not be used for a variety of 
reasons which have already been discussed in chapters 3 and 6. The current approach is 
validated because the velocity profiles, turbulence intensities and critical bed shear stresses 
for given slurries are independent of the solids loading). The minimum transport velocity 
result seems counterintuitive when the particle size and the sedimentation velocities for the 
dispersed and aggregated suspensions are considered. With a mean aggregate diameter of 
4.6pm compared to 0.8pm (primary particle diameter), and a settling rate which is nearly 
25 times greater than the settling rate for a dispersed suspension, it would be reasonable to 
expect that the minimum transport velocity for an aggregated suspension would exceed the 
minimum transport velocity for a dispersed suspension. 
This trend in the minimum transport velocity is most likely associated to the slurry 
turbulence intensity. Chapter 7 considered the turbulence properties of an aggregated 
suspension (IM KN03) and a dispersed suspension (104M KNOA Ultrasonic Doppler 
velocity profiling was used to measure the strearnwise component of turbulence from r/11 = 
0 (centre line) to r/R =I (pipe wall). The turbulence for an aggregated suspension was 
augmented, while the level of turbulence remained unchanged (considered within error) for 
a dispersed suspension when compared to a single phase flow. The enhancement in 
turbulence is most likely due to the "complex" and "tortuous" now profiles generated as a 
fluid passes through an aggregate. The inter floc flow can dramatically affect the flow 
velocity and direction, which results in complex flow structures surrounding the aggregate 
- see chapter 7. With turbulence providing an energy for re-suspension, the enhancement 
in the slurry turbulence intensity for an aggregated suspension provides support for 
minimum transport velocity data in chapter 6. 
The centre-line turbulence properties were investigated over a range of flow velocities up to 
OAms". In the laminar and transitional flow regimes there were no observed differences in 
the turbulence levels for an aggregated, dispersed and single phase flow. However, in the 
turbulent flow regime two critical Reynolds numbers were identified. The first critical 
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Reynolds number is associated with turbulence enhancement in the presence of aggregates. 
At Re = 5500, the RMS values for the aggregated suspension exceed the RMS values 
measured for a dispersed suspension and a single phase flow. The enhancement is believed 
to be associated to the inter floc flow effect. As the flow velocity is increased a second 
critical Reynolds number is observed. At Re = 8000, the RMS values for the aggregated 
suspension begin to diverge towards the RMS profiles for a dispersed silica suspension and 
a single phase flow. The reduction in the fluid turbulence above the critical Reynolds 
number is associated to the break-up of aggregates in the flow. Such behaviour has been 
verified by comparing the data to the RMS profile of a silica suspension prepared using 
27ýirn silica spheres (increased fluid interaction - vortex shedding), and a flow curve 
collected using a Bohlin CVO-R rheometer (aggregated and dispersed suspensions at 
equivalent solids loadings to those suspensions studied in the pipe loop). In the pipe loop 
the suspension prepared using 27pm silica spheres did not exhibit a second critical 
Reynolds number, with the RMS profile continuing to diverge from the dispersed 
suspension and single phase profiles. Using a rheometer the viscosity shear rate data for a 
dispersed (104M KN03 5.5% vol. ) and an aggregated suspension (IM KN03 5.7% vol. ) 
were compared up to 500s-1. A critical shear rate is reached (= 150s") when the viscosity 
of the two suspensions are equivalent. An equivalent viscosity indicates that the aggregates 
in suspension have been broken-up by the applied shear, and the suspension is 
representative of a dispersed particle suspension. This critical shear rate is compared with 
pipeline pseudo shear rate for aggregate break-up. In the pipeline, the pseudo shear rate at 
the perceived on-set of aggregate break-up is 94s-1, which is in reasonable agreement with 
the measured critical shear rate (I 50s") when all aggregate structures have been broken. 
Characterisation of the Fuso silica suspensions and sediments has been discussed in chapter 
5. The stability of a colloidal suspension as a function of pH, electrolyte concentration and 
type was determined through measurement of the silica zeta potential. Determination of the 
silica zeta potential was important to identify solution chemistries which would provide 
contrasting suspension and sediment rheologies. At pl-16 (approximate suspension pl-I prior 
to the addition of any acid or base) the silica zeta potential in the presence of aIM KNO3, 
1 0'4MKN03 and 104M KCI electrolyte is -6mV, -70mV and -50mV respectively. The 
broad range of zeta potentials provides one un-stable colloidal suspension and two stable 
colloidal suspensions. Further rheological experiments showed that the change in zeta 
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potential influenced the sediment shear yield stress, the suspension settling rate and the 
suspension gel point. Atomic force microscopy data supported the zeta potential results 
with a purely repulsive interaction measured for the two stable suspensions and an adhesion 
(pull-off) force measured between two silica surfaces interacting in the presence of aIM 
KNO3 electrolyte. 
Typically, when ion-ion, ion-solvent, ion-surface effects on the stability of a colloidal 
suspension are considered (suspension with a low iso-electric point), it is frequently the 
effect of different counter-ions which are studied. To the author's knowledge there is very 
little work where the counter-ion remains unchanged and the co-ion effect on the 
suspension stability is considered. In the current study, at low electrolyte concentrations 
(104M), and at pH's away from the iso-electric point, the silica zeta potential is observed to 
be a function of the electrolyte type. With the same cation, the result is somewhat 
unexpected, but the zeta potential data is also supported by the sediment shear yield stress 
and suspension gel point data. The results suggest that at a low electrolyte concentration 
the rheological properties can be influenced by a change in the anion. The observed trends 
in the data (see chapter 5) indicate that the stability of a suspension at low electrolyte 
concentrations can be influenced by the degree of electrolyte dissociation. For example, an 
electrolyte with a high dissociation energy (KCI) will generate a lower concentration of K" 
ions in solution when compared to an electrolyte with a low dissociation energy such as 
KBr. As the concentration of K+ ions in solution varies, the level of surface charge 
screening also varies, thus the suspension stability and rheology changes. 
For the two stable suspensions, the change in the zeta potential which is a result of the 
electrolyte dissociation energy has been shown to influence the sediment slicar yield stress 
and suspension gel point, while having no effect on the suspension settling rate or the 
single particle-particle interaction force. Such behaviour has been discussed in terms of 
particle mobilities. In dilute systems such as homogeneous suspensions, the change in the 
zeta potential (-70mV, 104M KN03 and -50mV, 104M KCI) is not sufficicnt to bring about 
a measurable change in the settling rate or level of particle-particle interaction. However, 
when the solids concentration is extremely high, for example within sediment beds, the 
change in the zeta potential appears to influence the mobility of particles past one another. 
With a slightly lower zeta potential, particles dispersed in 104M KCI have a reduced 
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mobility when in close proximity to neighbouring particles. As a result these particles arc 
further restricted in diffusing past one another, leading to a sediment which is more porous 
(lower gel point) with a lower sediment shear yield stress. To the author's knowledge the 
mobility of stable colloidal systems (greater than -30mV) has not been studied before. To 
understand the data further a more detailed experimental programme is to be completed 
which looks at a wider range of salts and oxide surfaces. 
The current study was carried out for two reasons; i) the nuclear industry has large volumes 
of legacy waste which contains fine particulates, and a better understanding of tile flow 
properties during pipeline transport is required, and ii) fine particulate transport in pipelines 
has received little attention to date. When considering nuclear slurries, the range of 
variables considered in the current study is only the "tip of the icebcrg7'. Consideration for 
more complicated ionic solutions is required, along with more complex particle systems to 
include a polydispersity and a range of particle shapes. However, the fundamental science 
that aggregates in suspension can modify the turbulence and minimum transport velocity of 
slurries should still be applicable. 
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FUTURE WORK 
With several different research topics considered during this study, there are several 
interesting conclusions which provide a basis for much larger research programmes. Areas 
of interest that would improve the depth of knowledge in fine particulate transport would 
include: 
Flow throueh am! reiiates - The current study has highlighted the importance of 
aggregates in modifying the turbulence properties of slurries, and the slurry minimum 
transport velocity. Aggregates are frequently studied in suspension rheology and brcak-up 
experiments, but there has been very little interest studying the aggregatc-fluid interaction 
in a dynamic system. A change in the level of slurry turbulence and the minimum transport 
velocity of a fine particulate suspension has been related to inter floc flows. The complex 
fluid flow through an aggregate is not well understood. Experimentally, imaging the flow 
through an aggregate would be extremely difficult. However, computational fluid 
dynamics can offer a tool to study such flows, assuming a mean aggregate shape from 
fractal dimensions. 
Turbulence modulation - All turbulence modulation studies investigate the particle-fluid 
interaction and particle-wall interaction, with a few studies considering the particlc-particle 
interaction at higher solid loadings. For fine particulate transport (low particle Reynolds 
numbers) it has been shown and is frequently assumed that the particles dispersed in the 
flow do not affect the fluid turbulence properties. However, the current study has shown 
that for fine particulate transport, turbulence modulation is achievable when the particles 
are aggregated. These aggregates can still be considered as fine particles, but due to intcr 
floc flows through the aggregate, the turbulence intensity is increased. There is a need to 
study the turbulence properties of slurries at higher solid loadings. This study has shown 
that small insignificant changes in the particle-fluid interaction at low concentrations can 
actually result in measurable differences at a high solids loading. 
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Minimum transport velocitv - The minimum transport velocity of a suspension has been 
considered in detail over several decades. However, many of the published correlations 
refer to the transport velocity of coarse, granular material. Colloidal, fine particulate 
transport has received very little attention, as it is frequently assumed that the fine particles 
will remain suspended under typical pipeline operating velocities. For the mineral and 
mining or petroleum industries this is very much the case, however, improvements in the 
pipeline efficiency can be made if the system is properly characterised. An extension to the 
pipe loop study is to investigate the minimum transport velocity of coarse matcrial 
suspended in a fine particulate suspension. The interaction energy between fine particles 
can be manipulated through changes in the solution chemistry; varying the viscosity and 
yield strength of the suspension. Changes in the rheology of the carrier fluid will influcnce 
the minimum transport velocity of the coarse material. Such a study is building towards a 
more industrially representative slurry sample. The minimum transport velocity for fine 
particulates also has relevance to micro-channel flows. 
other techniques to determine the minimum transport velocity of colloidal particles need to 
be explored. The current approach in-directlY determined the minimum transport velocity 
from the transition velocity at the onset of sediment bed erosion. Techniques such as 
electrical resistance tomography may well be applied if the resolution of the measurement 
is sufficient to detect colloidal deposition on to the pipe invert. 
Sediment bed consolidation - With the same potential determining ion (K) a change in 
the electrolyte anion at low electrolyte concentrations has been shown to adjust the zcta 
potential at high pl-l's, which influences the gel point and the sediment shear yield stress. 
Such behaviour has not previously been observed because, i) the countcr-ion effect in the 
presence of different co-ions has received very little attention for low iso-clectric point 
surfaces, and ii) the surface chemistry effects on the shear yield stress are always conducted 
at concentrations exceeding the suspension gel point where sedimentation and 
consolidation are considered negligible (see chapter 5, "bell curve"). The variation in the 
zeta potential at low electrolyte concentrations where the single particle-particle 
interactions remain purely repulsive has been shown to influence the sediment shear yield 
stress. With the yield stress dependent on the bulk properties of the sediment, a study 
looking at the degree of sediment consolidation at low electrolyte concentrations in the 
204 
presence of different ions (countcr-ion and co-ion) may provide support for these initial 
observations. 
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APPENDIX A 
PARTICLE CHARACTFAUSATION 
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Figure A2 Zeta potential curve determined using the Malvern zcta nanosizer. Suspension prepared to 
10000ppm dispersed in 10'4M KNOP p1l adjusted using KOII and IIN03. Iso-Clectric point - plf 2.7 
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Figure A3 S%vol suspension prepared in 10'4M KNO3 background electrolyte. Negligible drill in suspension 
p1l; small shifts most likely associated to pil mctcr calibration. 
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Figure A8 Zeta potential curves determined using the Malvern zeta nanosizcr. 0.5gm Angstromsphere silica 
spheres prepared to 10000ppm, dispersed in 10"M KN03 (squares) and 10-2 M KN03 (circles). pli adjusted 
using KOH and HN03- Iso-electric point = pH 2 
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Figure A9 Zeta potential curve determined using the Malvern zeta nanosizer. 0.25pm Angstromsphere silica 
spheres prepared to 10000ppm, dispersed in 10"M KN03 (squares) and 10-2 M KN03 (circles). pH adjusted 
using KOH and HN03, Iso-electric point = pH 2.5 
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Figure AiO 51ovol suspension prepared in 10 'M KNO, background electrolyte. Ncglitýiblc dritt in 
suspension pM small shifis most likelý associated to p1l meter calibration. Sýmbols: lpm silica (squarc,, ), 
0.5pni silica (circles), 0.25pni (triangles). 
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Figure A12 Settling profiles. Suspension prepared to 10000ppm in 10*4M KN03 at p1l 6. Symbols: 250nm 
(squares), 500nm (circles), I 000nm (triangles) and I 000nm Monospher (inverted triangles). Centrifugal force 
= 940rpm (-- 90xg) 
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Figure A] 3 Settling profiles as a function of the suspension p1l determined using the LUMiFugc(V. I lim 
Angstromsphere dispersed in 10-'M KN03 electrolyte. Solids concentration = 10000ppm. Profiles equivalent 
to I xg. 
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CALCIUM CARBONATE - Aldrich, USA 
Cost: zý f50/k,, C- 
-ý =ý- 4. I. -Y : &0ý11 or" F-ý. = 
graphs Calcium carhonatc. 2740 , mýjgj)jj-jcjjtjo,, 111(1 1-4360 Figure A14 Scanning clectron micro 
magnification. Calcium carbonate pailicles formed clue to the agglomeration of'smaller nano particle,, 
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Figure A 15 Particle size distribution deterinmCd LiSiIIg the Malvern Mastersi/cr 1-000. 
Scanning Electron MicroLyrapli 
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Figure A16 Zeta potential CUrve determined using the Colloidal Dynamics Zctal'robc. Solid,, concentration 
I%vol. Background electrolyte 10 'M KNO; (squares), 10*"vl KNOI (triangics) and 10 ýM KNO, (circlc,, ). 
pH adjusted using Kol 1. Iso-electric point 10.5 
SettlinLy 
Figure A17 Calcium carbonate settling tests. Background clectrol)tc - 10 Ai KNO, - I)II 
hoill Ich it) Ilidn: 
p116.5,8.0,9.5,11.5 and 12.5. Suspension concentration 5%vol. Settling tinle - left hand , ide t ohr, right 
hand side tI hr. 
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Fiý-, [Irc Als Calcium Carbonatc "CH111w, Ic"I". '. -ýIvpclisloll OMCCIIII at wil ol 11 pI I h; iA1, i()wnkl 
electrolyte concentration from Icilt to right: 10 "M KNO, 10 . 'M KNOI, 10 'M KNO; and I NI KNOý. Set II inLý 
time - lelt liand side t Ohr, right hand side tI hr. 
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Figure A20 Zeta potential curve determined using the Colloidal Dynamics ZetaProbe. Solids concentration 
1% by volume. Background electrolyte 1M KNO3 (circles) and 104M KN03 (squares). pH adjusted using 
KOH and HN03- Iso-electric point = pH 4 
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Figure A21 Suspension gel points. Initial suspension concentration 12% by volume at pl-I 10. Background 
electrolyte IM KN03 (circles) and I O'4M KN03 (squares). 
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Figure A22 5%vol suspensions prepared in 104M KN03 background electrolyte. Adjusted p1l =5- squares 
and circles. Adjusted pH = 10 - triangles. Adjusted pl-I =5 (p115 buffer) - inverted triangles. Adjusted p1l =2 
(pH2 buffer) - diamonds. 
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Figure A23 Sediment shear yield stress. Solids concentration = 60%vol at pH 10.1 O'4M KN03 (left hand 
side), IM KN03 (right hand side) 
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Figure A24 Particle size distribution determined using the Malvern Mastersizer 2000. 
Conclusion 
00 
From the characterisation experiments Fuso silica was chosen as the most suitable material 
for the pipe loop study. Fuso silica dispersed in solution provided a stable suspension pil 
over a long time period (see figure 133), showed a narrow distribution in polydispersity (see 
figure 4.0) and an iso-electric point which is representative of a clean silica sample (see 
figure 5.6 - iso-electric point pH = 2.5 - 3). Such characteristics were also observed for the 
Angstromsphere and Monospher silica. 250nm and 500nm Angstromsphere silica was 
rejected due to the long settling times required to form consolidated sediments. The I gm 
silica's (Angstromsphere and Monospher samples) were also rejected due to the high raw 
material costs when compared to Fuso silica (approximately E50/KG). The Spheriglass 
samples were rejected for a variety of reasons which included; i) limited pH control, ii) 
non-colloidal particle sizes (limited control over the particle-particle interaction strength) 
and iii) large polydispersity. Calcium carbonate, although having a low raw material cost 
was rejected on the basis of limited control on the particle-particle interaction strength with 
electrolyte concentration. It was also rejected as the sample would not provide a "model" 
solid phase for suspension, with irregular particle shapes formed from smaller nano 
aggregates. 
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APPENDIX B 
FURTHER FUSO SILICA 
CHARACTERISATION 
ScanninL, Electron MicroLlraphs 
hgurc BI- Scanning c1ccli-on inicrograplis I Ilso Silica. 2500 Illagil i fical 1011, -'Ooo and 
20000 x, magnification. 
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Figure B2. Particle size distribution determined using Malvern Zetasizer Nano. - Fuso silica dispersed in IM 
KN03 electrolyte (Particle size d5o = 4.6nm). 
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Figure B3. pH stability Fuso silica. Symbols: square - IM KN03, circle - 10"M KN03. triangle - 10-2M 
KN03, inverted triangle - 10-4M KN03- Solids concentration 7.5 wt%. 
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Figure 135. Sedimentation rates as a Function of the electrolyte coil cent rat I oil. An observed jump in the 
sedimentation rates as tile c. c. c. is surpassed. Sýnlbols: square KNO, circie K(T 
Sediment PackinLj llciLyhts 
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Figure B7. Suspension Gel Points a) KN03, b) KCI. Symbols: square - IM, circle 10-1M, triangle 10-2M, 
inverted triangle 10-4M. In order of decreasing electrolyte concentration KN03 = 0.29,0.36,0.49,0.47. and 
KCI = 0.33,0.42,0.45,0.44. Units - volume %. 
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Figure B8. Shear yield stress as a function of constant spindle rotation speed. Symbols: square 1M KN03 
(vane tool geometry V72), circle 10'4M KN03 (vane tool geometry V73). Solids concentration 12% by 
volume pH 6. 
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APPENDIX C 
LATERAL FORCE MEASUREMENTS 
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Figure Cl. Typical friction force profiles obtained from a friction image. Solid line - trace, broken line - 
retrace. Electrolyte I O"4M KCL 
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Figure C2. Typical friction force profiles obtained from a friction image. Solid line - trace, broken line - 
retrace. Electrolyte 10-4M KN03- 
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Figure C3. Typical friction force profiles obtained from a friction image. Solid line - trace, broken line - 
retrace. Electrolyte 1M KN03- 
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Figure C4. Scan rate dependency on friction trace curve. Silica - silica interaction 10-4 M KN03 pH 6. 
Applied load 7V. 
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Figure C4. Scan rate dependency on friction trace curve. Silica - silica interaction 104M KN03 pl-I 6. 
Applied load 7V. 
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APPENDIX D 
SLURRY PIPE LOOP 
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Figure DI - Pipe loop dimensions 
